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Skroty stosowane w rozprawie doktorskiej

Ln — lantanowce (ang. lanthanides)

UC — upkonwersja (ang. up-conversion)

NIR — biska podczerwien (ang. near infrared)

GSA — absorpcja w stanie podstawowym (ang. ground state absorption)

ESA — absorpcja w stanie wzbudzonym (ang. excited state absorption)

ETU — upkonwersyjny transfer energii (ang. energy transfer up-conversion)

CSU — kooperatywna upkonwersja (ang. cooperative sensitization up-conversion)
PA — fotonowy efekt lawinowy (ang. photon avalanche)

XRD - dyfraktometria proszkowa (ang. X-Ray Diffraction)

TEM - transmisyjna mikroskopia elektronowa (ang. transmission electron
microscopy)

SEM - skaningowa mikroskopia elektronowa (ang. scanning electron microscope)
EDX — analiza z uzyciem rozproszonego promieniowania rentgenowskiego (ang.
energy dispersive X-ray analysis)

LIR — stosunek pasm luminescencyjnych (ang. luminescence intensity ratios)
TCL — poziomy sprzezone termicznie (ang. thermally coupled levels)

Sa — czuto$¢ absolutna (ang. absolute sensitivity)

Sr — czuto$¢ wzgledna (ang. relative sensitivity)

dT — rozdzielczo$¢ termperaturowa (ang. temperature resolution)



Cel pracy

Glownym celem rozprawy  doktorskiej byta synteza nieorganicznych,
luminescencyjnych nanomaterialéow domieszkowanych jonami lantanowcow, ich dokladne
scharakteryzowanie, pod wzgledem fizykochemicznym, oraz analiza ich wlasciwosci
spektroskopowych w warunkach wzrastajgcej temperatury, celem otrzymania nowych,
optycznych, bezkontaktowych nanotermometréw. Rozprawa ma charakter aplikacyjny, a
otrzymane sensory temperatury mogg znalezé zastosowane zaro6wno w badaniach
biologicznych jak réwniez w przemysle. Szczegdtowe cele badawcze podjete w niniejszej

dysertacji doktorskiej dotyczyty:

e Generowania jasnej, zielonej upkonwersyjnej luminescencji, przy uzyciu
nanomaterialéw opartych o matryce wanadanu itru domieszkowanego jonami Er®* lub
Yb**-Er¥* przy uzyciu dwéch dtugosci wzbudzenia laserowego: 785 nm oraz 975 nm.

e Otrzymania i scharakteryzowania optycznego nanotermometru opartego o fluorek itru
domieszkowany jonami Yb*-Tm** oraz studium nad jego wlasciwosciami
luminescencyjnych materialu w warunkach wysokiej temperatury, celem stworzenia
sensora, uzytecznego zarowno do badan przemystowych, jak i biologicznych.

e Zsyntetyzowanie wanadanu itru, domieszkowanego jonami Yb®*-Er¥* oraz
szczegotowe zbadanie wptywu mocy lasera na wydajnos¢ sensora temperatury opartego
o ten zwigzek, ze szczegolnym uwzglednieniem parametrow termometrycznych, takich
jak czuto$¢ wzgledna, czuto$¢ absolutna oraz rozdzielczos¢ temperaturowa.

e Otrzymania czujnika temperatury, opartego o widkna celulozowe, bedacego nowa
generacja urzadzen do noszenia na ciele celem monitorowania ludzkiego zdrowia.

e Zbadania wplywu efektu reabsorpcji, poprzez zmiang rodzaju geometrii wzbudzenia
oraz detekcji, a takze grubosci warstwy probki, na wiasciwosci spektroskopowe
materiatu, celem zwigkszenia doktadnosci wspoétczesnych, optycznych sensorow

temperatury.



Streszczenie rozprawy doktorskiej w jezyku polskim

Luminescencyjne nanosensory temperatury najczesciej oparte sg 0 jony lantanowcow
(Ln), takie jak Yb®, Er¥*, Tm®*", Ho®*" i Nd** osadzone w roznych matrycach (np. YF3, YVOs i
NaYFs itd.). Dzigki obecnosci w strukturze luminoforéw jondéw lantanowcoéw, materiaty te
wykazujg intensywng, wielobarwng luminescencje, dtugie czasy zycia luminescencji (rzedu
mikro- lub milisekund), waskie pasma absorpcyjne oraz emisyjne, emisje wielozakresowa,
trwato§¢ termiczng. Czujniki optyczne oparte 0 jony lantanowcéw, umozliwiaja kontrolg
temperatury na podstawie analizy zmian stosunku intensywnosci pasm, zwigzanych z ich
termicznie i nietermicznie sprz¢zonymi poziomami. Temperatura ma kluczowy wplyw na
wiasciwosci spektroskopowe tych jonow 1 jej wzrostu skutkowa¢ moze zmianami w:
intensywnoS$ci pasm emisyjnych, ich szerokosci, czasach zycia luminescencji czy morfologii i
strukturze badanego materiatu. W przypadku sensoréw opartych o poziomy termalizowane,

! na skutek dostarczenia do uktadu

ktoérych rdéznica energii nie przekracza ~<2000 cm’
dodatkowej energii termicznej, foton moze zaabsorbowa¢ nadmiarowg energie i dzigki temu
przej$¢ z poziomu o nizszej energii na poziom o wyzszej energii. Spowoduje to zmniejszenie
intensywnos$ci pasma o nizszej energii i pojawienie si¢ (lub wzrost intensywnosci) pasma o
energii wyzszej. Nanosensory oparte o poziomy nietermalizowane wykazuja natomiast zalezne
od temperatury szybko$ci wygaszenia/przeniesienia energii w uktadzie, co takze przektada sig

na zmiany w intensywnosci pasm.

Glownym celem rozprawy doktorskiej byla synteza  nieorganicznych,
luminescencyjnych nanomateriatdw domieszkowanych jonami lantanowcow oraz analiza ich
wlasciwosci spektroskopowych, w warunkach wzrastajacej temperatury, celem otrzymania
nowych optycznych, bezkontaktowych nanotermometrow. Rozprawa ma réwniez charakter
aplikacyjny, a otrzymane sensory temperatury moga znalez¢ zastosowane w badaniach
biologicznych oraz w przemysle. Ponadto, skupiono si¢ na czgsto pomijanych w
dotychczasowych badaniach innych waznych aspektach otrzymywania nanosensoréw, takich
jak efekt reabsorpcji oraz wplywu mocy uzytego lasera na skuteczno$¢ i doktadnosé

stosowanych sensorow.

W pierwszym etapie prowadzenia prac badawczych (P1) skupiono si¢ na generowaniu
jasnej, zielonej upkonwersyjnej luminescencji dla nanomateriatdow opartych o matryce

wanadanu itru domieszkowanego jonami Er¥* lub Yb3*-Er** przy uzyciu dwoéch dtugosci
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wzbudzenia laserowego: 785 nm oraz 975 nm. Zbadano wplyw dtugosci fali wzbudzajacej oraz
skladu pierwiastkowego na intensywno$¢ emisji upkonwersyjnej tych materiatow.
Zsyntetyzowane zwigzki charakteryzowaty si¢ intensywna, widoczng gotym okiem, zielong
luminescencje. Badania wykazaty, ze aby uzyskac¢ czysta emisje (bez wktadu czerwonego
pasma emisyjnego w widmie) matryca wanadanowa powinna zawiera¢, jako jon
domieszkowany, jedynie Er®* oraz by¢ wzbudzana promieniowaniem laserowym o wyzszej
energii, np. laserem 785 nm, zamiast powszechnie stosowanego wzbudzenia o dtugosci fali
975/980 nm. Mozliwos¢ generowania czystej, kolorowej emisji moze by¢é bowiem
wykorzystana do produkcji nowoczesnej optoelektroniki, nowych zrodet $wiatta, optycznie
aktywnych elementow réznych urzadzen itp. Dodatkowo, materialty oparte o matryce
wanadanowa sa czgsto stosowane do otrzymywania nowych, optycznych nanotermometrow,
dlatego tez doglebne zbadanie ich wiasciwosci luminescencyjnych stanowito podstawe do
kolejnych badan obejmujacych tematyke termometrii luminescencyjnej, prowadzonych w

ramach niniejszej rozprawy doktorskiej.

Kolejnym etapem badan (P2) bylo otrzymanie optycznego sensora temperatury,
uzytecznego w badaniach biologicznych, opartego o fluorek itru domieszkowany jonami Yb®*
i Tm*'. Nieorganiczny nanomaterial otrzymano laczac metode straceniowa z metoda
hydrotermalng oraz poddajac zsyntetyzowany produkt procesowi kalcynacji. Otrzymany
materiat tworzyt stabilny koloid wodny, wykazujacy niebieska luminescencje¢ upkonwersyjna
pod wpltywem wzbudzenia laserowego o dtugosci fali 975 nm. Zbadano wpltyw wzrastajace;j
temperatury na wilasciwosci luminescencyjne w zakresie 300-345 K. Wraz ze wzrostem
temperatury zaobserwowano zmniejszenie intensywnosci pasm emisyjnych, pochodzacych od
jonéw Tm3*, natomiast intensywnoéé pasm jonéw Yb3* nie ulegata istotnej zmianie.
Przeprowadzono analizg ratiometryczna, a wyznaczone stosunki intensywnosci luminescencji
(LIR) pasm Yb*"/Tm3" skorelowano z temperatura, otrzymujac liniowa zaleznos¢. W celu
ilosciowego porownania wydajnosci otrzymanego nanosensora, obliczono wzgledne czutosci
temperaturowe (Sr) oraz rozdzielczosci temperaturowe (67). Ustalono, ze uzycie LIR 940/800
nm w celu detekcji temperatury, skutkuje zadowalajaca czuloScig temperaturowg i zapewnia
duzg doktadnos¢, czyli bardzo wysoka rozdzielczos¢ detekcji temperatury. Dodatkowo, pasma
te znajdujg si¢ w zakresie pierwszego okna biologicznego, dzigki czemu LIR 940/800 nm moze
by¢ wykorzystany w badaniach biologicznych, np. do okres§lania zmian temperatury w
tkankach, a takze w innych dziedzinach wymagajacych podobnie wysokiej rozdzielczo$ci

przestrzennej (w skali nano-submikrometrycznej) i wysokiej rozdzielczo$ci temperaturowe;.



Kolejne prace badawcze (P3) skupialy si¢ na analizie wptywu mocy lasera na wydajno$¢
nanotermometréw luminescencyjnych. Zsyntetyzowano wanadan itru domieszkowany jonami
Yb® oraz Er¥*. Materiat ten wykazywal, pod wzbudzeniem laserowym o dtugosci fali 975 nm,
zielong luminescencje¢ upkonwersyjna, pochodzaca od jonéw Er®*. Badania wptywu wysokiej
temperatury, w zakresie 293-453 K, na wiasciwos$ci spektroskopowe przeprowadzono stosujgc
rézne wartosci mocy lasera (100, 200 i 300 mW). Dla otrzymanego wanadanowego
nanosensora wyznaczono czulo$¢ bezwzgledna, czuto$¢ wzgledng oraz rozdzielczo$¢
temperaturowa. Zaobserwowano, ze przy zastosowaniu do ratiometrycznego pomiaru
temperatury pasm pochodzacych od poziomdéw nietermalizowanych, uzyta moc lasera ma
istotny wplyw na warto$ci wczesniej wspomnianych parametréw termometrycznych. Dla
analizowanych stosunkoéw intensywnosci pasm, odpowiadajacych nietermalizowanym
przejéciom elektronowym jonéw Yb3Er¥*, najwazniejsze zaobserwowane zmiany, ktore
spowodowatl wzrost mocy lasera dotyczyly: obnizenia warto$ci rozdzielczos$ci temperaturowe;j
oraz wzrostu wartosci czulosci wzglednej. Wyniki te pozwolity ustali¢, ze w przypadku
wanadanowych termometréw luminescencyjnych wykazujacych zjawiska nieliniowe (np.
emisj¢  upkonwersyjna) oraz  wykorzystujacych  stosunek intensywnos$ci  pasm
luminescencyjnych pochodzacych od przej$¢ o roznej liczbie fotonéw, zmiana mocy lasera

wplywa znaczaco na wydajno$¢ czujnika.

W ramach rozprawy doktorskiej, otrzymano optyczny czujnik temperatury oparty o
wlokna celulozowe, modyfikowane nanoczastkami YF3: Yb%, Er¥* wykazujacymi zjawisko
upkonwersji (P4). Sensor fluorkowy wykazywat termoczutg emisje, generowang wzbudzeniem
laserowym z zakresu bliskiej podczerwieni (NIR). Pomiar temperatury polegal na wyznaczeniu
stosunku intensywnosci pasm emisyjnych zwigzanych z przejsciami elektronowymi termicznie
sprzezonymi jonow Er¥*, znajdujacymi si¢ w zakresie $wiatta widzialnego. Zasada dziatania
otrzymanego czujnika oparta byta 0 pomiar widm emisyjnych, poniewaz czujnik nie przewodzit
pradu dlatego byl on z natury odporny na zakldcenia elektromagnetyczne. Dodatkowo,
wykazywal on bardzo dobrg czulo$¢ wzgledna i rozdzielczo$§¢ temperaturowa, ktore
umozliwialty wykonanie precyzyjnego pomiaru temperatury w zakresie 298-362 K.
Opracowany termometr moze by¢ szczegdlnie przydatny do uzycia W urzadzeniach osobistych

nowej generacji (stuzacych do noszenia na ciele) w celu monitorowania ludzkiego zdrowia.

Ostatnia praca badawcza (P5), wiaczona w zakres niniejszej dysertacji doktorskiej,
skupiata sie na zbadaniu, na przyktadzie nanoczastek YVOu: Yo%, Er¥*oraz YVOu: Yb**, Er**,

wplywu gruboSci probki oraz zastosowanej geometrii wzbudzenia, na wlasciwosci
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spektroskopowe materiatu. Wykazano, ze w przypadku wzbudzenia stosujgc geometrie tylng
(back-illuminated geometry), wraz ze wzrostem grubosci warstwy probki, wptyw zjawiska
reabsorpcji promieniowania na wiasciwosci luminescencyjne materiatu byl coraz wigkszy.
Efektem tego zjawiska bylo zmniejszenie intensywnos$ci pasm emisyjnych jonoéw
lantanowcow, wystepujacych W rejonie silnie absorbowanego swiatla, a takze zmiana wielkosci
przerwy energetycznej, przesunigcie potozenia centroidu pasm oraz zmiana wartosci
stosunkow intensywnosci tych pasm. Zaobserwowane zmiany skutkowaty takze pogorszeniem
takich parametrow jak czuto$¢ wzgledna oraz rozdzielczos¢ temperaturowa, kluczowych dla
otrzymania termometrow optycznych, Probki charakteryzujgce sie grubszymi warstwami
wykazywaly obnizong czulo$§¢ wzgledna, a takze nizsza rozdzielczo$¢ temperaturowa.
Przeprowadzone badania wykazaty réwniez, ze zasada dziatania termometréw pierwotnych
(ang. primary thermometers) jest stuszna jedynie dla bardzo cienkiej warstwy probki, w ktorej
obserwowany efekt reabsorpcji jest marginalny, lub dla pomiarow materiatdow z uzyciem

wzbudzenia w konfiguracji geometrii przedniej (front-face geometry).

Materialy otrzymane w ramach rozprawy doktorskiej zostaty scharakteryzowane przy
uzyciu metod spektrofluorometrycznych, dyfraktometrii proszkowej (XRD), oraz mikroskopii
elektronowej transmisyjnej TEM (ang. transmission electron microscopy) i skaningowej SEM

(ang. scanning electron microscope).

Przeprowadzone badania udowodnily skuteczno$¢ zastosowania otrzymanych
nanomateriatow nieorganicznych, jako optycznych, bezkontaktowych nanosensorow
temperatury, uzytecznych zarowno w badaniach biologicznych, jak i w przemystowych.
Ponadto, wykazaty wazng role efektu reabsorpcji i stosowanej mocy lasera na skuteczno$¢ i
doktadno$¢ powszechnie otrzymywanych sensorow, opartych o matryce nieorganiczne

(fluorkowe, wanadanowe) domieszkowane jonami lantanowcow.
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Streszczenie rozprawy doktorskiej w jezyku angielskim

The most commonly developed luminescent sensors of temperature are based on lanthanide
ions, such as Yb**, Er¥*, Tm*, Ho%*, and Nd* embedded in various matrices (e.g. YFs,
YVOs, and NaYFs). These ions exhibit intense multicolour luminescence, long luminescence
lifetimes (in the micro- or millisecond range), narrow absorption and emission bands, multi-
range and thermal emission. Optical sensors based on lanthanide ions usually enable
temperature control based on the analysis of changes in the intensity ratios of the bands
associated with their thermally and non-thermally coupled levels. Temperature has a majer
(significant) influence on the spectroscopic properties of these ions. As the temperature rises,
the following changes are observed: emission band intensity ratio, bandwidth, luminescence
lifetimes, or the morphology and structure of the material analyzed. In the case of two
thermalized levels, the energy of which does not exceed <2000 cm ™2, due to additional thermal
energy, the photon may move from a level with lower energy to a level with higher energy.
This will cause the lower energy band to decrease in intensity and the higher energy band to
appear (or increase in intensity) in the emission spectrum. Luminescent thermometers based on
non-thermalized levels exhibit temperature-dependent rates of quenching/energy transfer in the

system, which also results in changes in band intensities.

The main objective of the doctoral dissertation was the synthesis of inorganic
luminescent nanomaterials doped with lanthanide ions and the analysis of their spectroscopic
properties under increasing temperature conditions in order to obtain new, optical, non-contact
nanothermometers. The doctoral dissertation is of an application nature. The obtained
temperature sensors can find applications in biological research and in industry. In addition,
aspects of obtaining nanosensors, such as the effect of reabsorption or the influence of the power
of the laser used on the efficiency and accuracy of the sensors applied, were also investigated,

which were often overlooked in previous studies.

The first stage of the research work (P1) focused on generating bright green
upconversion luminescence using nanomaterials based on a yttrium vanadate matrix doped with
Er** or Yb®'-Er® ions using two laser excitation lengths: 785 nm and 975 nm. The influence of
the excitation wavelength and elemental composition on the intensity of the upconversion

emission of these materials was investigated. The synthesized compounds showed intense green
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luminescence, visible to the naked eye. Studies have shown that in order to obtain pure emission
(without the contribution of a red emission band on the spectrum), the vanadate matrix should
contain only Er®* as a doped ion, and should be excited with higher energy laser radiation, e.g.
with a 785 nm laser, instead of the commonly used 975/980 nm excitation. The ability to
generate pure color emission can be used to produce modern optoelectronics, new light sources,
optically active components of various devices, etc. In addition, materials based on a vanadate
matrix are often used to obtain new optical nanothermometers. Therefore, an in-depth study of
the luminescence properties of this material was a prelude to subsequent research exploring the

subject of luminescence thermometry carried out as part of the doctoral dissertation.

The next stage of the research (P2) was to obtain an optical temperature sensor, useful
in biological research, based on yttrium fluoride doped with Yb** and Tm3* ions. The inorganic
nanomaterial was obtained by combining the precipitation method with the hydrothermal
method and calcining of the product. The obtained material formed a stable aqueous colloid,
exhibiting blue upconversion luminescence under the influence of laser excitation at 975 nm.
The effect of temperature increase on luminescence properties was investigated in the range of
300-345 K. With increasing temperature, a decrease in the intensity of the emission bands
derived from Tm?3* ions was observed, while the band derived from Yb®" ions remained almost
constant. A ratiometric analysis was carried out and the determined luminescence intensity
ratios (LIR) of the Yb**/Tm3" bands were correlated with the temperature, obtaining a linear
correlation. In order to quantitatively compare the performance of the obtained nanosensor,
relative temperature sensitivities (Sr) and temperature resolutions (8T) were calculated. It was
found that the use of the ratio of luminescent bands of 940/800 nm, located within the range of
the first biological window, results in satisfactory temperature sensitivity and provides high
accuracy, i.e. very high resolution temperature detection. Hence, it can potentially be used in
biological research, e.g. for determining temperature changes in tissues, as well as in other fields
requiring similarly high spatial resolution (in the nano-submicron scale) and high temperature

resolution.

Subsequently, the research work focused on the analysis of the effect of laser power on
the performance of luminescent nanothermometers (P3). Yttrium vanadate doped with Yb®*
and Er®* ions was synthesized. This material exhibited green upconversion luminescence,
originating from the Er®* ions, under laser excitation at 975 nm. The study of the effect of high
temperature on the spectroscopic properties was carried out in the range 293-453 K, using
different laser powers (100, 200, and 300 mW). Absolute sensitivity, relative sensitivity, and
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temperature resolution were determined for the resulting vanadate nanosensor. It was observed
that, when using bands from non-thermalized levels for ratiometric temperature measurement,
the laser power used has a significant impact on the values of the previously mentioned
thermometric parameters. For the analyzed ratios of the intensity bands, corresponding to the
non-thermally coupled levels of Yb*/Er®*, the most significant changes observed were the
decrease in temperature resolution and the increase in the relative sensitivity with increasing
laser power. These results made it possible to understand that in the case of vanadate
luminescent thermometers exhibiting non-linear phenomena (e.g. up-conversion emission) and
using the LIR of the bands originating from the transitions with different numbers of photons
participating in the relevant radiative processes, a change in laser power may significantly affect
the determined values of thermometric parameter and the performance of the sensor.

As part of the doctoral dissertation, an optical temperature sensor based on cellulose
fibers modified with YFs: Yb**, Er®* nanoparticles exhibiting upconversion was obtained (P4).
The fluoride sensor exhibited thermosensitive emission generated by laser excitation in the
near-infrared range (NIR). The temperature measurement was based on the determination of
the ratio of the intensities of the emission bands associated with the thermally coupled levels of
Er3* ions located in the visible light range. Since the principle of operation of the obtained
sensor was based on the measurement of emission spectra, and the sensor itself was non-
conductive, it was inherently immune to electromagnetic interference. In addition, the sensor
was characterized by excellent relative sensitivity and temperature resolution, which allowed
for precise temperature measurement in the range 298-362 K. The developed thermometer may

be particularly useful in a new generation of wearable devices for monitoring human health.

The final research work included in this doctoral dissertation (P5) was consisted in
examining the effect of the sample thickness and the applied excitation geometry on the
spectroscopic properties of the material on the example of YVOa: Yb%*, Er** and YVOa: Yb**,
Er®*, nanoparticles. It was shown that in the case of excitation in the back-illuminated geometry,
the effect of radiation reabsorption on the luminescence properties of the material increased
with the increase in the thickness of the sample layer.. The consequence was a decrease in the
intensity of the bands located in the region of strongly absorbed light, as well as a change in the
size of the energy gap, a shift in the location of the centroid of the bands and a change in the
value of the band intensity ratios. These changes are resulted in deterioration of thermometric
parameters, such as relative sensitivity and temperature resolution. Samples with a thicker

sample layer showed reduced relative sensitivity and temperature resolution. The studies
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presented in this work show that the principle of primary thermometers is valid only for a very
thin sample layer, in which the observed reabsorption effect is marginal, or for materials

measured in front-face geometry.

The materials obtained as part of the doctoral dissertation were characterized using
spectrofluorimetric methods, powder diffractometry (XRD), as well as transmission electron

microscopy (TEM) and scanning electron microscope (SEM).

These studies demonstrated the effectiveness of using the obtained inorganic
nanomaterials as optical, non-contact temperature nanosensors, useful in biological and
industrial research. In addition, the research indicated the importance of the reabsorption effect,
as well as the applied laser power on the efficiency and accuracy of commonly obtained sensors

based on inorganic matrices (fluoride, vanadate) doped with lanthanide ions.
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Wstep teoretyczny

Nanomaterialy

Materiaty, ktoérych rozmiar, w co najmniej jednym wymiarze, miesci si¢ w zakresie 1-
100 nm nazywamy nanomateriatami.'? Zaliczamy do nich m.in.: nanoprety, fulereny, nanorurki
weglowe, nanowlokna, kropki kwantowe, nanosfery, dendrymery, liposomy.?
Charakterystyczne dla nanomateriatow sa specyficzne wtasciwosci fizykochemiczne, ktére
odrdzniajg je od ich odpowiednikow w makro skali. Zmniejszajac rozmiar materialu zwigksza
si¢ jego stosunek powierzchni do objetosci, co przektada si¢ na zmiang jego oddziatywania ze
srodowiskiem zewngtrznym. Korzystng konsekwencja tego zjawiska jest m.in. tworzenie
bardzo stabilnych koloidow 0 wicksze] zdolnosci do adsoprcji powierzchniowej. Zmianie
ulegaja takze: temperatura topienia materiatu, jego wilasciwosci spektroskopowe, gestosc,
przewodnictwo elektryczne, barwa i gestos¢. W nanomateriatach obserwuje si¢ takze
zwigkszong liczbe defektow sieciowych, naprezen sieci krystalicznej oraz liczbe
niewysyconych miejsc koordynacyjnych. Ma to zwigzek z wystepowaniem w tych strukturach
zwigkszonego stosunku liczby atomow lub jonow przypowierzchniowych/powierzchniowych,
od ich odpowiednikoéw umiejscowionych w srodku czastek, CoO moze mie¢ niekorzystny wptyw

na zastosowania tych materiatow.3 12

Wspoltczesnie, stosuje si¢ podzial nanomaterialow z uwzglednieniem ich wymiaréw

przestrzennych. Wyrdzniamy materiaty:

e zerowymiarowe 0D — kropki kwantowe, nanoczgstki srebra, wszystkie ich wymiary
mieszczg si¢ W rozmiarze nano,

e jednowymiarowe 1D — nanodruty, nanowtokna polimerowe, jeden z ich wymiarow nie
miesci si¢ W rozmiarze nano,

e dwuwymiarowe 2D — materialy warstwowe, dwa z ich wymiaréw nie mieszczg si¢ w
rozmiarze nano,

e trzywymiarowe 3D — struktury zlozone, Kkrystaliczne domeny, chociaz pojedyncze
indywidua wykazuja rozmiar nanomateryczny, to razem sktadaja si¢ na wigkszy

makromateriat 49101314
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Istniejg dwie odmienne strategie, otrzymywania nanomateriatow. W zaleznosci od potrzeb
pOzniejszego zastosowania danego materiatu, stosuje si¢ metody fizyczne lub metody
chemiczne. Jesli nanomaterial ma znalez¢ zastosowanie w przemysle i moze on wykazywac
duzg niejednorodnos¢ wielkosci otrzymanych czastek, wowczas tanszg i szybsza metoda begdzie
fizyczna metoda top-down. Polega ona na rozdrobieniu gruboziarnistego, litego materiaty do
nanomaterialu, poprzez zastoSOwanie ucierania, kruszenia oraz mielenia (najczeéciej w
miynach kulowych).?>® W przypadku, gdy otrzymany material powinien wykazywa¢ duza
homogenicznos¢, jak najmniejszy rozrzut wielkosci czastek oraz niewielki poziom aglomeracji,
stosuje si¢ drozsze oraz bardziej czasochlonne, chemiczne metody bottom-up. Metody te
opieraja si¢ na laczeniu jondéw oraz atoméw w wicksze skupiska, bedacymi zarodkami
nukleacji, w konsekwencji czego dochodzi do powstania nanostruktur. Do metod botton-up
zalicza si¢: m. in. syntez¢ stragceniowa, syntez¢ w warunkach hydrotermalnych,

powierzchniowa wymiane redox oraz napylanie w prozni. 101718
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Rys 1. Schemat syntezy nanoczastek metodami typu top-down i bottom-up.®
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Metody syntezy nanomaterialow

Metody strgceniowe — stanowig jedng z najcze¢sciej stosowanych technik otrzymania
nanomateriatdw. Wykorzystuje si¢ je w celu kontroli szybko$ci wzrostu krysztatow. W
metodzie straceniowej, poprzez dodanie odczynnika stracajacego, doprowadza si¢ do
kontrolowanego wytracenia nierozpuszczalnego osadu, najczesciej biatego koloru.
Mectoda ta umozliwia otrzymanie wigkszosci soli lantanowcow. Jako czynniki
strgcajace bardzo czesto stosuje sie NHaF, NH4H2PO4 czy NH4VO3. W trakcie syntezy,
w celu uniknigcia aglomeracji czastek, stosuje si¢ antyaglomeranty, takie jak glikol
polietylenowy czy gliceryna.?02!

Synteza w mikroemulsji — umozliwia otrzymanie monodyspersyjnych czastek. W
metodzie tej dochodzi do potaczenia, w jednym S$rodowisku reakcyjnym, fazy
organicznej, wodnej, srodka powierzchniowo czynnego oraz kosurfaktanta. W ten
sposob dochodzi do utworzenia mikroemulsji, ktora umozliwia, w otoczeniu fazy
polarnej, uzyskanie jednofazowego uktadu. Uklad ten bedzie cechowac stabilnos¢
termodynamiczna. W otrzymanych micelach, stuzacych jako nanoreaktory, zachodzi
ciggla wymiana reagentdw oraz syntezy czastek. Wzrost nanoczastek jest kontrolowany

poprzez ograniczony rozmiar miceli.???3

Metoda zol-zel — metoda ta czgsto wybierana jest do otrzymywania materialow
tlenowych. Otrzymane przy jej uzyciu nanokrystality cechuje jednorodnos¢ i czystos¢
sktadu chemicznego. W metodzie tej, przy wykorzystaniu roztworu soli lub
alkoholanow metali, otrzymuje si¢ prekursor, ktory w kolejnym etapie syntezy, poprzez
odpowiednie dobranie reakcji chemicznych, ulega polimeryzacji. Powstaty zol zostaje
przeksztalcony w polimer w postaci zelu. Kolejno, materiat zostaje poddany obrobce
termicznej, co finalnie skutkuje otrzymaniem porzadnego materialu w postaci
nanokrystalitu. Istnieja modyfikacje klasycznej metody zol-zel, takie jak np. metoda
Pechiniego, w ktorej w celu otrzymania zelu doprowadza si¢ do polimeryzacji
pomiedzy kwasami a-hydroksykarboksylowymi, a alkoholami
polihydroksylowymi.?42°

Metoda hydrotermalna — obok metod straceniowych, jest jedna z najczgsciej

stosowanych metod do otrzymania nanomateriatow. W trakcie syntezy, w warunkach
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wysokiego ci$nienia (do 250 MPa) oraz wysokiej temperatury (do 300°C), dochodzi do
hydrolizy, a takze szeregu reakcji pomigdzy rozpuszczalnikiem, a znajdujacym si¢ w
nim substancjami. Stosowanie tej metody umozliwia kontrolg narastania
nanokrysztatow, dzigki manipulowaniu parametrami syntezy, a takze uzytymi
rozpuszczalnikami. Metoda ta daje szczegdlnie dobre efekty w przypadku syntezy
fosforanow, fluorkéw oraz borandow. Stosujac alkohole polihydroksylowe jako

rozpuszczalniki, mozna przeprowadzaé syntezy solwotermalne.?®%’
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Lantanowce

Pierwiastki chemiczne zlokalizowane w 6 okresie uktadu okresowego, o liczbach
atomowych od 58 do 71 nazywane sg lantanowcami. Zalicza si¢ do nich: cer, prazeodym,
neodym, promet, samar, europ, gadolin, terb, dysproz, holm, erb, tul, iterb oraz lutet.?8%
Pierwiastki te, wykazujace charakter metaliczny, przynaleza do bloku 4f. Jony lantanowcow,
od pierwiastkéw bloku d, odréznia znacznie wigkszg reaktywnos¢, zblizona do reaktywnosci
metali 2 grupy uktadu okresowego. Wykazuja one takg samg konfiguracje elektronowg powtoki
elektronowej 6s® oraz odmienna liczbe elektronéw 4f — od 1 do 14. Pierwiastki te tworza
wigzania zapelniajac orbitale 5s i Sp. Jony lantanowcoéw wykazuja takze podobienstwo
chemiczne. Obserwuje si¢ niewielkie réznice w wielko$¢ promienia atomowego i jonowego
(wraz ze wzrostem liczby atomowej lantanowcoéw, od lantanu do lutetu, promien jonowy
zmniejsza si¢ od 0,1172 do 0,1001 nm, za$ promien atomowy od 0,1877 do 0,1734 nm) trwaty
stopief utlenienia +3 oraz wlasciwosci paramagnetyczne (poza lutetem).? Ze wzgledu na
zblizone wlasciwosci chemiczne oraz fizyczne, za cztonka tej rodziny uznaje si¢ takze lantan.
Dodatkowo, wyrdznia si¢ takze grupe pierwiastkow ziem rzadkich, w sktad ktorych wchodza
lantanoidy oraz skand i itr. Najwazniejszymi mineratami, bedacymi zrédlem jonow
lantanowcow, jest monacyt, bastenzyt oraz ksenotym. W sktad dwodch pierwszych wchodza
lantanowce lekkie, tj. od ceru do samaru, za$ ksenotym zawiera lantanowce ci¢zkie, od gadolinu

do lutetu.28:29

Lantanowce posiadajg ogolng konfiguracje elektronowa [Xe] 4f "6s2. Dla ceru, gadolinu
oraz lutetu przyjmuje ona posta¢ 4f "15d!6s?. Podstawowy stopien utleniania jonow
lantanowcow, bedacy jednoczes$nie najbardziej stabilnym, to +3. Niektore z jonow wystepuja
takze na +2 (Eu®", Sm?*, Yb2+, Tm?*, Nd?*) i +4 (Ce*", Pr**+, Nd**, Th*, Dy**) stopniu
utlenienia.®*3* Aby osiagnaé +3 stopief utlenienia, lantanowce oddaja elektron 6s, a takze
jeden elektron 3f. Tym samym otrzymuja one konfiguracje [Xe]4f ™. Istnieja trzy struktury
konfiguracji elektronowej, ktére odznaczaja sie szczegodlng trwatoscia: La®* (fO) — konfiguracja
ksenonowa, brak elektronow 4f, Gd** (f7) — potowiczne zapehienie 4f, Lu®* (f14) — catkowite
zapelnienie 4f. Aby utrzymac¢ jon lantanowca na innym stopniu utlenienia niz +3 mozna
wykona¢ stabilizacje jonow z wigzach typu MOF (ang. metal-organic frameworks) np. w
przypadku Ce** lub umiescié¢ jon w stabilnej strukturze np. Sm 2* w SrB407.3*3* Poprzez
redukcje wodorem, mozna otrzymac jodki oraz chlorki lantanowcoéw na +2 stopniu utleniania,

jednakze sg one nietrwate i wykazujg duzy potencjat redukcyjny. Podobnie nietrwate sg zwigzki
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na +4 stopniu utlenienia, ktore wykazuja wasciwosci silnie utleniajace.®® Schemat Russela-
Saundersa prezentuje degeneracje poziomow elektronowych 4f i zobrazowuje skomplikowana
strukture elektronowa jonéw lantanowcow, wykazujacych stopien utlenienia +3. W jonach
lantanowcow obserwuje si¢ rozszczepienie podstawowych poziomow energetycznych na liczne
podpoziomy. Jako gléwne powody wystepowania tego zjawiska podaje si¢: odpychanie
elektronow (najwigkszy wpltyw na rozszczepienie), sprz¢zenie spin-orbita oraz oddziatywania

pola ligandoéw (najmniejszy wpltyw na rozszczepienie).*®
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Rys 2. Poziomy energetyczne konfiguracji 4f trojwartosciowych lantanowcow (Ln3*).%

Charakterystyczne dla lantanowcow jest wystepowanie zjawiska kontrakeji. Zjawisko

to polega na zmniejszaniu si¢ promieni atomowych i jonowych wraz ze wzrostem liczny
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atomowej. Jest to rezultatem oddzialywania wzrastajgcego tadunku jadra na nieznacznie
zmniejszajaca sie¢ powloke elektronowa. Im wigcej elektrondw znajduje si¢ na podpowtoce 4f,
tylko jadro slabiej jest w stanie oddziatywaé na elektrony znajdujace si¢ na powtokach
zewnetrznych. 3638

Jony lantanowcow tworzg liczne zwigzki koordynacyjne, a ich otrzymywanie bylo
przedmiotem wielu badan naukowych, prowadzonych w ostatnich latach. Uktady moga
przybiera¢ warto$¢ liczby koordynacyjnej (LK) od 3 do 13. W przypadku roztworéw (zardwno

wodnych, jak i niewodnych), najczesciej wystepuja LK 8 i 9.3940

Wiasciwosci spektroskopowe nanomaterialow pierwiastkow ziem rzadkich

Nanomateriaty zawierajace w swojej budowie pierwiastki lantanowcow sa zdolne do
generowania wielobarwnej, intensywnej luminescencji, ktora jest efektem przej$¢
elektronowych w obrgbie wewngtrznej podpowloki 4f. Elektrony znajdujace si¢ na tej
podpowtoce sa ekranowane poprzez elektrony S5s i 5p. Efekt ekranowania elektronow to
zjawisko, w ktorym elektrony znajdujace si¢ na wewnetrznych powtokach elektronowych
(blizej jadra atomowego) wptywaja na ostabienie oddziatywania elektrostatycznego miedzy
jadrem atomowym, a elektronami zewnetrznymi, co powoduje zmniejszenie energii wigzania
tych ostatnich. W konsekwencji tego obserwuje si¢ ostre, o matej szerokosci spektralnej, pasma
emisyjne i absorpcyjne. Charakterystyczne rozmieszczenie pasm na widmach emisyjnych
jonéw lantanowcow pozwala na selektywng detekcje poszczegdlnych jonow. Kazdy jon
lantanowca ma specyficzne pasma emisyjne, ktorych potozenie 1 intensywno$¢ sa
charakterystyczne dla danego jonu. Cecha ta umozliwia selektywna identyfikacje¢ i jakoSciowe
oznaczanie  jonoOw  lantanowcow w  probce, poprzez wykonanie = pomiaréw
spektrafluorymetrycznych. Ze wzgledu na to, ze przejscia 4f-4f sg zabronione regutami wyboru
Lapporte’a (reguta ta stanowi, ze dozwolone sg jedynie przejs$cia, ktorym towarzyszy zmiana

parzystosci), obserwuje sie dosé¢ dhugie (rzedu ps-ms) czasy emisji jonéw lantanowcow. 14
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Rys 3. Wielobarwna emisja jonow lantanowcow: (a) NaGdF4:Ce**/Ln3" (Ln®" = Tb**, Eu®*,
Sm®, Dy*") Aex = 254 nm, (b) NaYF4:Yb* /Tm3*/Erd* (ze zmiennym stosunkiem Er®*) oraz

NaYF4: Yb**/Er** (ze zmiennym stosunkiem Yb**) dex = 980 nm, (c) YVO4:P/Dy?* (ze
zmiennym stosunkiem Dy**), YVO4:P/Eu®* (ze zmiennym stosunkiem Eu®*), YVO4:P/Sm3*

(ze zmiennym stosunkiem Sm3*) Aex = 280 nm.*®

W jonach lantanowcow, obserwuje si¢ trzy rodzaje przejsc:

Przejscia z przeniesieniem tadunku — przejscia ligand-orbital f, dozwolone reguta
Laporte’a. Cechuje je duza intensywnos$¢ oraz szeroko$¢ spektralna, znacznie
wigksza niz szeroko$¢ pasm pochodzacych od przejs¢ 4f-4f. Mechanizm przejscia
opiera si¢ na poczatkowym zaabsorbowaniu fotonu przez ligand (donor energii) i
przeniesieniu go do podpowtoki 4f jonu lantanowca, stanowigcego emiter
promieniowania.

Przejscia migdzykonfiguracyjne — przejécie 4f - 5d, dozwolone reguta Laporte’a.
Obserwuje si¢ je w jonach ceru oraz prazeodymu na 3 stopniu utlenienia. Przejscia
te wykazuja duzg intensywnos¢ w zakresie UV.

Przejscia wewnatrzkonfiguracyjne — przejscia 4f-4f, wzbronione reguta Laporte’a.

34,41,44,45,

Przejscia te najczesciej wystgpuja w jonach lantanowcow. 4148 przejscia te

zostaty szerzej omowione w rozdziale ,,Luminescencja” .
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Zastosowanie materialow z jonami lantanowcow

Materiaty oparte o jony lantanowcow stanowig podstawe do wykorzystania w wielu
dzisiaj dobrze prosperujgcych galeziach technologii. Stosuje si¢ je m. in. w elektronice,
optoelektronice, bioobrazowaniu, jako materiaty zabezpieczajace, a takze jako czujniki
zardwno temperatury, jak i ci$nienia. W rozprawie doktorskiej szerzej dyskutuje si¢ na temat
sensorow temperatury, ktore z powodzeniem stosowane sag w badaniach biologicznych,
elektronicznych, inzynieryjnych, a takze procesach przemystowych stuzagcych do kontroli
temperatury ukladu, np. szybkosci proceséw katalitycznych lub postgpu procesu

polimeryzacji.*9->3

W ostatnich latach duzym zainteresowaniem cieszy si¢ stosowanie materialow
wzbogaconych o jony lantanowcow w technikach kryminalistycznych oraz w celu
zabezpieczenia materialdow przez ich podrobieniem. Stosuje si¢ proszki luminescencyjne,
wykazujace zarowno zjawisko luminescencji jak i luminescencji upkonwersyjnej, jako
zamiennik powszechnie stosowanych srodkéw daktyloskopijnych do ujawniania odciskow
palcow. Nieorganiczne, luminescencyjne zwigzki domieszkowane jonami lantanowcow,
przygotowane w postaci roztworéw, po natozeniu w okreslone miejsca zabezpieczanego
obiektu, moga stanowi¢ o jego oryginalno$ci. Podobnie tworzy si¢ tusze luminescencyjne do
dokumentdw, widkna celulozowe do odziezy czy luminescencyjne arkusze papieru, majace na

celu zabezpieczenia waznych dokumentow.>*>’

Lantanowce stosuje si¢ rowniez w technologii, majacej umozliwia¢ ekologiczne
wykorzystywanie zasoboéw ziemskich. Uzywa si¢ ich w panelach stonecznych, jako materiaty

zdolne do absorpcji promieniowania w szerokim zakresie oraz do jej pozniejszej konwersji.>®
60

Czgstym zastosowaniem jonow lantanowcow jest ich uzycie w celu ochrony ludzkiego
zdrowia. Nanoluminofory, majg zdolnos$¢ do akumulacji w guzach nowotworowych, co stwarza
mozliwos¢ ich zastosowania w bioobrazowaniu, nie tylko klasycznym, ale takze tym z uzyciem
rezonansu magnetycznego (z wykorzystaniem np. GdFs). Lutet jest szeroko stosowany w

tomografii komputerowej, za$ lantan stosuje sie do produkcji klisz rentgenowskich.5-63

Jednak, najszerszg uwage nalezy poswigci¢ jonom lantanowcow w obszarze
wspotczesnej zaawansowanej technologii. Materiaty zawierajace jony Ln stanowig podstawe

wspotczesnie dzialajacej elektroniki i optoelektoniki. Jony te stanowig elementy wyswietlaczy,
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sg stosowane jako zrodla swiatta w kompaktowych lampach fluorescencyjnych, lampach
btyskowych (skand) materiaty luminescencyjne w LED, a takze sg zrodtem promieniowania, w
laserach, takich jak np. YAG: Nd**. Jony lantanowcow, takie jak neodym oraz dysproz maja
kluczowe znaczenie w produkowaniu nowoczesnych, hybrydowych samochodow. Pierwiastki
takie jak: itr, erb, terb czy iterb stosuje si¢ w $wiecach zaptonowych, kuchenkach
mikrofalowych, filtrach fotograficznych oraz energooszczednych zaro6wkach, za$ dyski twarde
komputeréw zawieraja w sobie dysproz. Jony te uzywa si¢ takze do produkcji silnych

magnesow (np. magnesy neodymowe) lub materiaty luminescencyjno-magnetyczne,3064-6°
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Luminescencja

Promieniowanie elektromagnetyczne moze by¢ absorbowane lub rozpraszane przez
materi¢. Wyrdznia si¢ rozpraszanie elastyczne (rozpraszanie Rayleigha) oraz nieelastyczne
(rozpraszanie Ramana). Luminofory, poprzez absorbowanie promieniowania, sa kolejno w
stanie generowaé radiacyjng emisj¢ fotondéw, ktéra nazywana jest luminescencja.

Luminescencje klasyfikuje si¢ ze wzgledu na czynnik wzbudzajacy i wyrdznia si¢:

e bioluminescencj¢ — reakcje enzymatyczne,

e chemiluminescencj¢ — reakcje chemiczne,

e elektroluminescencj¢ — przeptyw pradu,

e fotoluminescencje — promieniowanie elektromagnetyczne,
e sonoluminescencj¢ — ultradzwigki,

e termoluminescencj¢ — energia cieplna, oraz

e mechanoluminescencje — praca mechaniczna.’®"®

W wyniku absorpcji promieniowania, elektrony znajdujace si¢ w stanie podstawowym
ulegaja wzbudzeniu do stanu wzbudzonego, o wyzszej energii. Kolejno, moga one powroci¢ do
stanu podstawowego, jednocze$nie emitujac promieniowanie w postaci Swiatta. Powrot
elektronu na poziomu o nizszej energii moze obywac si¢ na drodze réoznych mechanizmow.
Najczesciej do wygaszenia fononowego elektronu dochodzi poprzez relaksacje
bezpromienista.”” Odbywa si¢ ono na drodze cieplnych drgan sieci krystalicznej i jest procesem
niepozadanym, prowadzacym do wygaszenia luminescencji. Kolejnymi procesami
bezpromienistymi sa: przejécie miedzysystemowe (ISC — ang. Inter System Crossing)’®,
przeniesienie tadunku (CT — ang. Charge Transfer)’® oraz przeniesienie energii (ET — ang.
Energy Transfer)®. Podczas przejécia miedzysystemowego, energia przekazana zostaje
przekazana ze wzbudzonego stanu singletowego do wzbudzonego stanu trypletowego. Jest to
proces wzbroniony, poniewaz zachodzi wraz ze zmiang multipletowosci.’”® Transfer fadunku
ma na celu zwigkszenie intensywnosci emisji 1 wystgpuje w uktadach w ktorych znajduja sie
polaryzowalne atomy bogate w elektrony, np. tlen. Wzbudzenie takiego ukladu skutkuje
przesunig¢ciem gestosci elektronowej od atomu bogatego w elektrony do wzbudzonych orbitali
jonow lantanowcow. Zjawisko takie czesto obserwuje si¢ w fosforanach, wanadach czy
boranach, ze wzgledu na zawarty w ich strukturze tlen. Przeniesienie tadunku widoczne jest na
widmach absorpcji oraz wzbudzenia w postaci dodatkowego, szerokiego spektralnie pasma.”

Ostatni z wcze$niej wspomnianych procesow bezpromienistych, transfer energii, obserwuje si¢
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gtéwnie w ukltadach domieszkowanych, zamierajagcych dwa (lub wiecej) jony lantanowcoéw
(np. GA**/Eu® lub Ce*/Th*"). W procesie tym zachodzi przeniesienia energii skumulowanej
na jonie stanowigcym donor do jonu begdacego jej akceptorem. Do transferu energii dojdzie
jedynie w sytuacji, gdy wzbudzone poziomy energetyczne (zaréwno akceptora i donora energii)
beda wykazywa¢ podobng energig, a przerwa energetyczna pomiedzy nimi nie bedzie zbyt
duza, oraz poziom energetyczny akceptora znajdowaé si¢ bedzie ponizej poziomu donora
energii.***8!  Drugim mechanizmem, umozliwiajacym powrdt elektronu ze stanu
wzbudzonego do stanu podstawowego, jest relaksacja promienista. Procesowi temu towarzyszy

emisja §wiatta (fotonéw). Relaksacja promienista zachodzi¢ moze zachodzi¢ na dwa sposoby:

e ze zmiang multipletowos$ci — proces ten okresla si¢ fosforescencja, lub

e bez zmiany multipletowos$ci — proces ten okresla si¢ fluorescencja.

Fluorescencja jest procesem dozwolonym, gdyz zachodzi bez zmiany spinowego momentu
pedu elektronu. Charakteryzuje si¢ bardzo krotkimi czasami zycia standéw wzbudzanych
(nanosekundy). Natomiast fosforescencja, ze wzglgdu na fakt, ze jest procesem wzbronionym
(zachodzi ze zmiang spinowego momentu pedu elektronu) wykazuje dlugi czas zycia (glownie

mikro- lub milisekundy).82-84

Do wzbudzenia jonoéw lantanowcéw dochodzi w wyniku (klasycznej) luminescencji
(luminescencja stokesowska), badz poprzez upkonwersje - konwersje energii w gore (ang. up-
conversion, luminescencja anty-stokesowska). W klasycznej luminescencji, probka zostaje
wzbudzona przy uzyciu promieniowania elektromagnetycznego o energii wigkszej niz energia
emitowana przez material. Jako zroédta wzbudzenia czesto uzywa si¢ promieniowania
ultrafioletowego, za§ emisja obserwowana jest w zakresie $wiatta widzialnego.®>%" W
przypadku upkonwersji wzbudzenia dokonuje si¢ przy uzyciu hiskoenergetycznego
promieniowania podczerwonego, zas emisj¢ obserwuje si¢ w zakresie wyzej energetycznego
Swiatta widzialnego. W trakcie wzbudzenia zachodzi jednoczesna lub nastepujaca po sobie
absorpcja co najmniej dwoch fotonow. Taki sposob generowania luminescencji sprzyja licznym
mozliwosciom aplikacyjnym, ze wzgledu na ulatwione penetrowanie tkanek przez swiatlo
podczerwone (zagadnienie szerzej omowione w rozdziale ,,Termometria”), a takze ograniczong

autofluorescencije.38 %

Projektujac strukture materiatu, ktéry ma wykazywaé zjawisko upkonwersji, nalezy
wzig¢ pod uwage fakt, ze nieorganiczne matryce nie biorg udzialu w procesach konwersji

energii w gore. Dlatego tez materiat powinien zawiera¢ w sobie jony aktywatorow, ktore maja
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metastabilne stany wzbudzone, o dtugich czasach zycia. W tym celu do struktury matrycy
wbudowuje si¢ wybrane jony lantanowcow. Sam dobdr matrycy nie pozostaje jednak bez
znaczenia. Decydujac si¢ na okre§lony materiat, nalezy wziag¢ pod uwage warto$¢ energii drgan
jego sieci krystalicznej. Im nizsza bedzie jej warto$¢, tym mniejsze prawdopodobienstwo
wystgpienia wygaszenia luminescencji na skutek relaksacji bezpromienistej. Drugim, rownie
waznym aspektem jest stabilno$¢ fizykochemiczna matrycy. Material wykazujacy najnizsza
energi¢ fononow, ale tatwo reagujacy np. z woda z powietrza, nie bedzie nadawal si¢ do
wydajnego generowania luminescencji upkonwersyjnej. Wybierajagc matryce nalezy takze
wziag¢ pod uwage wielko$¢ promienia jonowego kationdw jej tworzacych. Jony lantanowcow
stanowigce domieszke matrycy nie powinny wykazywac znaczaco mniejszych ani wigkszych
promieni jonowych od jonéw pierwotnie znajdujacych si¢ w jej sktadzie, poniewaz bedzie to
skutkowato pojawieniem sie licznych defektow w sieci krystalicznej materiatu.%-% Projektujac
uklad, nalezy takze wziag¢ pod uwage ryzyko zachodzenia przej$¢ bezpromienistych,
spowodowanych niewielka odleglo$cig pomigdzy stanami wzbudzonymi jonu lantanowca,
ktére prowadzi¢ mogg do obnizenia aktywno$ci emisyjnej jonu. Aby temu zapobiec, stosuje si¢
wspotdomieszkowanie z uzyciem dodatkowego jonu, o wysokim wspotczynniku absorpcji.
Pelni on funkcj¢ sensybilizatora, a wigc absorbuje promieniowanie z zakresu niskiej
podczerwieni i kolejno, w wyniku procesu przeniesienia energii, oddaje ja do jonu aktywatora
emisji. Ze wzgledu na prostg struktur¢ poziomoéw wzbudzonych, a takze duza zdolnos¢ do
absorbowania promieniowania o dlugosci ~ 975 nm najczesciej w tym celu stosuje si¢ jon Yb**
(powszechnie stosowany w badaniach spektroskopowych z uzyciem wzbudzenia laserowego z

zakresu bliskiej podczerwieni),%:90.96.97

Mechanizmy luminescencji upkonwersyjnej

W ramach konwersji energii w gore mozna wyrdzni¢ kilka podstawowych
mechanizméw. Zalicza si¢ do nich: absorpcja w stanie podstawowym (GSA, ang. ground state
absorption), absorpcja w stanie wzbudzonym (ESA, ang. excited state absorption),
upkonwersyjny transfer energii (ETU, ang. energy transfer up-conversion), kooperatywna
upkonwersja (CSU, ang. cooperative sensitization up-conversion), relaksacja krzyzowa (CR,
ang. cross-relaxation) i fotonowy efekt lawinowy (PA, ang. photon avalanche).®l:%-104
Podstawowym procesem konwersji energii jest absorpcja w stanie podstawowym. W wyniku

absorpcji fotonow przez jon pozostajacy w stanie podstawowym nastepuje jego wzbudzenie na
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poziom o wyzszej energii (poziom wzbudzony). Kolejno, jezeli energia zostanie przeniesiona
ze stanu wzbudzonego o nizszej energii do stanu wzbudzonego o wyzszej energii, wtedy taki
proces nazywa si¢ absorpcja w stanie wzbudzonym.l%2 Upkonwersyjny transfer energii
przebiega podobnie jak GSA oraz ESA, jednakze zachodzi on pomi¢dzy dwoma jonami,
lezacymi blisko siebie 1 majacymi zblizone energie pozioméw wzbudzonych. W procesie tym
jon, bedacy donorem energii, jest poczatkowo wzbudzany ze stanu podstawowego do stanu
wzbudzonego, a nastepnie przekazuje on energi¢ do akceptora, stanowigcego w ukladzie jon
emitujacy. W tym celu czesto stosuje si¢ uktady zawierajace takie kombinacje jonow jak:
YD /Er®*, Yb*/Ho®" oraz Yb3*/Tm?3* 8597105107 W procesie kooperatywnej upkonwersji biora
udziat trzy jony, przy czym dwa z nich sg takie same lub bardzo podobne pod wzgledem energii
poziomdéw wzbudzonych. Jony te stanowig sensybilizatory, ktore po przejsciu do stanu
wzbudzonego przekazuja swoja energi¢ do trzeciego jonu, bedagcego emiterem luminescencji.
Mechanizm ten czgsto obserwuje si¢ w przypadku materiatow domieszkowanych ukltadami:
Yb*/Eu* oraz Yb**/Tb%, a takze w ztozonych materiatach typu rdzen powloka.!%* Jon Yb3*
spetnia role sensybilizatora. Relaksacja krzyzowa, podobnie jak w przypadku kooperatywne;j
upkonwersji, wystepuje zarowno dla takich samych jonéw, jak i jondw wykazujacych zblizony
rozktad poziomow energetycznych konfiguracji 4f. Zachodzi pomigdzy poziomami
wzbudzonymi tych jonow. Po przeniesieniu energii 0od jednego jonu, do drugiego, ten pierwszy
ulega dezaktywacji do nizszego stanu wzbudzonego, za$ drugi wzbudzeniu do wyzszego
poziomu energetycznego.l® Ostatni wspomniany wczesniej proces, czyli fotonowy efekt
lawinowy, stanowi skomplikowany mechanizm przenoszenia energii pomiedzy licznymi
stanami wzbudzonymi. Najczesciej zachodzi pomigdzy stanem podstawowym a pierwszym,
drugim i trzecim stanem wzbudzonym.® Wszystkie opisane mechanizmy zostaty

przedstawione na Rysunku 4.
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Rys 4. Schematy mechanizméw procesu up-konwersji: (a) absorpcja w stanie podstawowym
(strzatka od 0 do 1) oraz wzbudzonym (strzatka od 1 do 2), (b) up-konwersyjny transfer energii,
(c) kooperatywna up-konwersja, (d) relaksacja krzyzowa, (e) fotonowy efekt lawinowy.%¢104
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Termometria

Wspotczesnie opracowywane czujniki wysokiej temperatury oparte sg 0 jony
lantanowcow, takie jak Yb%*, Er¥*, Tm3*, Ho® i Nd*', ktére moga by¢ osadzone w réznych
matrycach zwigzkow nieorganicznych (np. Gd203, Al203, YF3, YVO4 i NaYFs4). W przypadku
niektorych jonow latanowcow obserwuje si¢ temperaturowo zalezne zmiany ich wlasciwos$ci
fotofizycznych. W warunkach wzrastajacej temperatury obserwuje si¢ przesunigcia spektralne
maksimum pasma, zmiany intensywno$ci pasm emisyjnych, rézne stosunki intensywnos$ci
pasm, zmiany dlugos$ci czaséw zycia luminescencji, r6zng efektywno$¢ proceséw przeniesienia
energii i przeniesienia tadunku, oraz zmian¢ polaryzacji. Wraz ze zmiang temperatury
obserwuje si¢ takze zmiany strukturalne i morfologiczne, wynikajace z oddzialywania na
produkt wigzka lasera o wysokiej gestosci fotonowej. Skrocenie czasOw emisji thumaczy sie
wygaszaniem luminescencji spowodowanym wzrostem temperatury, w ktorej obserwuje sie

wzmocnione procesy relaksacji wielo-fononowej, 49108115
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Rys 5. Temperaturowo zalezne zmiany, wykorzystywane w termometrii luminescencyjne;j: (a)

ksztalt pasma, (b) intensywnos¢, (c¢) szeroko$¢ pasma, (d) przesunigcie spektralne, (e) czas

zycia i (f) polaryzacja.'®®

31



Uktady oparte o jony Ln wykazujace zjawisko upkonwersji sg szczeg6lnie pozadane z
punktu widzenia badan biologicznych. Materialy te umozliwiaja wzbudzenie oraz emisje w
zakresie tzw. okien biologicznych. Oknami biologicznymi nazywa si¢ zakresy spektralne, w
ktorych czynniki przeszkadzajace, takie jak pochtanianie oraz rozpraszania promieniowania
przez tkanki ludzkiego ciata (krew, skorg), sg mniej aktywne. Przy zastosowaniu luminescencji
ze wzbudzeniem w zakresie spektralnym UV lub widzialnym, znaczna czg¢$¢ promieniowania
zostanie pochfaniana lub rozproszona przez otaczajace tkanki (krew, skorg), zmniejszajac
efektywnos¢ wzbudzenia jonéw wbudowanych w strukture takich nanotermometrow, dlatego
tez wyeliminowanie tych czynnikow przeszkadzajacych jest kluczowe z punktu widzenia
przeprowadzenia badan biologicznych. Wyro6znia si¢ trzy okna biologiczne a ich zakresy

spektralne dotycza kolejno: 650 — 950 nm, 1000 — 1400 nm oraz 1500 — 1800 nm,108:112.113,116

OB - OKNO BIOLOGICZNE

10B 110B 1110B

500 1000 1500 2000
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Rys 6. Zakresy spektralne okien biologicznych.

Sensory optyczne, oparte 0 jony lantanowcow, umozliwiajg kontrolg temperatury na
podstawie analizy zmian stosunku intensywnosci pasm zwigzanych z ich termicznie 1
nietermicznie sprz¢zonymi poziomami. W przypadku dwoch termicznie sprzezonych
pozioméw, gdy energia tych pozioméw niewiele sie rézni (do ~2000 cm™), na skutek
dostarczenia dodatkowej energii termicznej, foton moze przej$¢ z poziomu o nizszej energii do
poziomu o wyzszej energii. Spowoduje to, widoczne na widmie emisyjnym, zmniejszenie
intensywnos$ci pasma o nizszej energii i pojawienie si¢ (lub wzrost intensywnosci) pasma o
wyzszej energii. Termometry, bazujace na uktadach wykazujacych rozktad boltzmannowski

(réwnanie 1), nazywane s3 termometrami typu Boltzmanna 112113117

LIR = 2 = B exp (— A—E) 1)

1 kgT
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gdzie LIR jest stosunkiem intensywnosci luminescencji pasm o wyzszej energii (I2; 525 nm) i
0 nizszej energii (I1; 552 nm); AE jest wielkoscia przerwy energetycznej pomigdzy poziomami
I2 i I1; ks jest stalg Boltzmanna; T jest temperaturg bezwzgledna; a B jest stalg, ktora zalezy od

szybkosci catkowitej emisji spontanicznej i degeneracji poziomow emitujgcych.

Druga grupg termometrow sg sensory bazujace na analizie zmian intensywnosci pasm
pochodzacych od poziomoéw nietermalizowanych jondéw lantanowcoéw. W takich uktadach
obserwuje si¢ zalezne od temperatury szybkosci wygaszania badZ przeniesienia energii.
Zmiany te wykazuja czgsto liniowe zaleznosci zmian intensywnos$ci pasm, ktore z sukcesem

moga by¢ skorelowane ze wzrostem temperatury.

Optymalny nanotermometr powinien wykazywaé wysoka czutos¢ wzgledna i dobra
rozdzielczo$¢ temperaturowa. Czutos¢ wzgledna termometréw luminescencyjnych opartych o
poziomy termalizowane jest ograniczona wewngtrznie rdznicg energii pomiedzy tymi
poziomami. Czulo$¢ absolutng (Sa) oblicza si¢ na podstawie rownania 2. Parametr ten jest

zwykle wyrazany w K111

_ dLIR
Sa= T 2

Czulos¢ wzgledng (Sr) wyznacza si¢ na podstawie rownania 3. Parametr ten pokazuje jak
zmienia si¢ warto$¢ analizowanego parametru termometrycznego (LIR) na 1 K. Czuto$¢

wzgledna wyrazana jest w %K 1,10

Si=100% x LR L ©)

dT LIR

Rozdzielczo$¢ temperaturowa (6T) Wyznacza sie zgodnie z rownaniem 4.1

ST = L SLIR (4)
Sk LIR
SLIR jest niepewnoscig wyznaczenia parametru LIR, ktora jest okre$lona z rownania 5.1
SLIR = LIR X (&)2 + (‘&)2 (5)
I I

gdzie: 61, , jest intensywnos$cig szumu, a I; , jest intensywnoscia sygnatu pasm.

Celem przeprowadzenia pomiardéw w wysokiej temperaturze stosuje si¢ komory
termostatyczne, kapiele grzewcze, kriostaty, piece rurowe itp. Kalibracje temperatury

wykonuje si¢ przy pomocy tradycyjnego czujnika temperatury, np. termopary. Ze wzgledu na
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dostepnos¢ oraz niski koszt zakupu, najczesciej do badan ciat statych wykorzystuje si¢ piece
rurowe. Urzadzenia te sg proste w obstudze i zapewniaja wysoka stabilnos¢ i doktadnos¢
pomiaru na poziomie co najmniej 1 K. Probke statg mocuje si¢ pomiedzy dwoma kawatkami
szkta lub kwarcu w §rodku rury pieca. W przypadku, gdy probka znajduje si¢ w formie koloidu,
stosuje si¢ uktad podobny do termostatycznej tazni grzewczej wyposazonej w system
mieszania, w celu unikni¢cia sedymentacji czastek 1 zapewnienia ich jednorodnego
rozmieszczenia podczas pomiardéw. Probka jest napromieniowana np. skupiong wigzka lampy
UV lub wigzka laserowg, a nastgpnie sygnat luminescencji zostaje skupiony na szczelinie
spektrometru sprzezonego z detektorem (PMT lub kamera CCD). Warto zauwazy¢, ze w
przypadku zastosowania wysokoenergetycznego zrodta $wiatla, np. skupionej wigzki
laserowej, wazne jest, aby moc lasera (gesto$¢ mocy) byla na tyle niska, aby uniknaé wzrostu
temperatury probki spowodowanego nagrzewaniem si¢ materiatu. Wymog ten jest spelniony
wowczas, gdy nie wystepuje indukowana laserem termalizacja poziomow. Brak termalizacji
potwierdzaja niezmienne w danej temperaturze wspOlczynniki pasmowe przejsé

termalizowanych.>

Wigkszo$¢ doniesien dotyczacych termometrii luminescencyjnej jondw lantanowcow
koncentruje si¢ na wykorzystaniu pozioméw termalizowanych jonéw lantanowcow, analizujac
ich emisj¢ w zakresie Swiatta widzialnego oraz bliskiej podczerwieni (ponizej <950 nm). Znane
sa termometry oparte o stosunki intensywnosci pasm emisyjnych jonow: Pr¥* 522/537 nm (3Ps
— 3Hs/PPy — 3Hs), 586/603 nm (°P1 — 3He/*Po — 3He) i 700/723 nm (3P1 — 3F4/°Po — 3Fu);
Ho®" 444/482 nm (°F1, °Ge — °lg/® F23, *Ks — °lg); Er® 525/545 nm (*Hiiz — *lisi2/*S32 —
1s12); Nd3* 805/872 nm (*Fsz — “loa/*Farz — *lor) i 755/805 nm (*Friz — *leia/*Fsre — *lorz); EU®*
555/614 nm (°D1 — "F1/°Do— "F2) i 538/595 nm (°D;1 — "F1/°Do — "F1); Sm®** 531/566 nm (*Fz, —
3Hs2/*Gsr2 — ®Hs2). Znane sg takze uktady jedno- i wielodomieszkowane, bazujace na poziomach
nietermalizowanych. Przyktadem uktadu jednodomieszkowanego, moze by¢ termometr oparty
0 stosunek intensywnosci pasm emisyjnych jonéw Ho®* 750/650 nm (°Fs — °1/?Sy, °F4 — °lg),
lub jonow Dy** 410/510 nm (*l1s/2 — 6Has/2/ *Fai — ®H1s12) i 410/460 nm (*lisiz — 6H1si2/ *Farz
— ®Hu1p), za$ uktadu wspotdomieszkowanego uktad Yb®*, Er** i Tm®" wykorzystujacy
stosunki intensywnosci pasm Yb**/Tm®* 1000/1230 nm (?F7;2 — 2Fs;2/ *Hs — *Hg), oraz pasm
Yb3*/Er¥* 1000/1550 nm 2F7;2 — 2Fsi2/ *l1iziz — *l1512). 118124

Sensory temperatury oparte o jony lantanowcOw s3a z powodzeniem Stosowane w

badaniach biologicznych, elektronicznych, inzynieryjnych, a takze procesach przemystowych
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stuzacych do kontroli temperatury uktadu, np. szybkosci procesow katalitycznych lub postepu

procesu polimeryzacji.53:108113.114.116
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Metodyka

Metody syntezy uzyte w pracach badawczych

Istniejg dwie strategie otrzymania nanomateriatlow: top-down oraz bottom-up. Strategia
top-down opiera si¢ na rozdrabnianiu gruboziarnistego materiatu, na skutek zastosowania
procesu ucierania, kruszenia lub mielenia w mtynach kulowych. Otrzymane w ten sposob
nanomateriaty charakteryzuja si¢ duzym rozrzutem wielko$ci oraz niejednorodnym ksztattem
ziaren, dlatego tez =znajduja zastosowanie glownie przemysle. W celu otrzymania
nanomateriatdéw, uzytych w niniejszej rozprawie doktorskiej, zostata uzyta technika bottom-up.
Umozliwia ona otrzymanie nanomaterialu dzigki laczeniu si¢ prekursoréw tj. jonéw oraz
atomow w wigksze agregaty. Ze wzgledu na to, ze do agregacji dochodzi najczgscie] w
srodowisku wodnym, metody te nazywane sa metodami mokrymi. Materialy otrzymane w ten
sposob charakteryzuje duza homogeniczno$¢, maly rozrzut wielko$ci oraz niewielka

aglomeracja.

Metoda straceniowa

Synteza straceniowa jest jedng z najczesciej stosowanych metod w celu otrzymania
nanomateriatow. W metodzie poprzez dodanie odczynnika stracajacego doprowadza si¢ do
kontrolowanego wytrgcenia nierozpuszczalnego osadu, najczesciej biatego koloru. Metoda ta
umozliwia otrzymanie wigkszos$ci soli lantanowcéw. Jako czynnik stracajacy bardzo czesto
stosuje si¢ NH4F, NH4sH2PO4 czy NH4VO3s. W trakcie syntezy, w celu uniknigcia aglomeracji
czastek, stosuje si¢ antyaglomeranty, takie jak glikol polietylenowy czy gliceryna, 2086102125
Rozmiar krystalitbw mozna kontrolowa¢ poprzez manipulowanie warunkami do§wiadczalnymi
reakcji: tj. stezeniem uzytych reagentow i/lub czasem prowadzenia reakcji chemicznej. Bardzo
waznym czynnikiem jest takze zastosowany podczas syntezy rozpuszczalnik. Udowodniono
m.in., ze synteza LaF3 przeprowadzona w Srodowisku wodnym pozwala na otrzymanie duzo

wiekszych krysztatéw, niz w przypadku syntezy w $rodowisku zawierajacym etanol.?!

Metoda straceniowa Wykazuje szereg zalet, jak: prostota przeprowadzenia syntezy oraz

jej krotki czas trwania, mozliwo$¢ przeprowadzenia calego procesu w jednym naczyniu
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reakcyjnym, wysoka jednorodno$¢ uzyskanych ziaren, a takze niewielki rozrzut ich wielkosci.
Odpowiednio dobrane reagenty, do ktérych nalezy m.in. kwas cytrynowy czy
etylenodiaminaoctowy, poprzez wzbogacenie powierzchni otrzymanego zwiazku o
zaadsorbowane grupy hydrofilowe, moga stanowi¢ podloze do przeprowadzenia dalszej
modyfikacji zwigzku, a takze polepszajg jego zdolno$¢ do tworzenia stabilnych koloidow.
Metody te majg takze pewne mankamenty. Otrzymane nanomateriaty czgsto charakteryzuje
niska intensywno$¢ luminescencji, ktora jest nastepstwem wystgpienia w sieci krystalicznej
licznych defektow, a takze wystepowania powierzchniowego wygaszenia luminescencji. W
celu przezwycig¢zenia tej przeszkody, nalezy zwiekszy¢ krystaliczno$¢ otrzymanego materiatu,
co mozna osiggnaé poprzez jego wypalenie w wysokiej temperaturze, badz poddanie go

rekrystalizacji przy uzyciu warunkéw hydrotermalnych.

Metoda hydrotermalna

W celu zapewnienia wysokiej krystalicznosci produktow Stosuje si¢ metode
hydrotermalng. Proces odbywa si¢ w reaktorze w inertnych naczyniach (najczesciej sa to
naczynia teflonowe), w warunkach wysokiego cisnienia (10-100 bar) oraz wysokiej
temperatury (do 300 °C). Metoda ta bazuje na reakcjach zachodzacych pomigdzy substancjami,
ktore majg stanowi¢ finalny produkt reakcji, a rozpuszczalnikiem, a takze zjawisku hydrolizy
oraz rekrystalizacji wytrgconych materiatdéw. Poczatkowo w uktadzie reakcyjnym dochodzi do
utworzenia duzej iloSci zarodkoéw krystalicznych, ktére nastgpnie w procesie dojrzewania
Ostwalda ulegajg niechomogenicznej zmianie struktury. W nastepstwie tego, rozpuszczeniu
ulegaja krystality niewielkiej wielkosci, a nastgpnie dochodzi do osadzania rozpuszczonego
materialu na powierzchni pozostatych w roztworze krystalitow, co umozliwia ich wzrost. W
metodzie hydrotermalnej rozpuszczalnikiem jest woda, ale dopuszcza si¢ takze uzycie innego
rozpuszczalnika, np. alkoholi polihydroksylowe (glikol, gliceryna), wtedy metoda ta nosi

nazwe solwotermalnej. 107126128

Metoda hydrotermalna prowadzi do uzyskania materialow charakteryzujacych si¢
duzym uporzadkowaniem struktury wewngtrznej, ktora skutkuje intensywna emisja tych
nanoluminoforow. Co wigcej, stosujac t¢ metode, mozna wptynaé na otrzymanie jednorodne;j

morfologii materiahu, a takze maty rozrzut jego wielko$ci.'?®
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Najwazniejsze metody charakterystyki uzyte w pracy
doktorskiej

Spektrofluorymetria

Metoda ta polega na badaniu promieniowania elektromagnetycznego emitowanego
przez material pod wplywem promieniowania wzbudzajacego. Zjawisko luminescencji opiera
si¢ na trzech etapach. W pierwszym z nich, elektrony znajdujace si¢ w stanie podstawowym,
pochtaniajg energi¢ pochodzacg od padajgcego na nie promieniowania. Kolejno, elektrony
wykazujace wyzsza niz poczatkowo energie, moga obsadzi¢ stany wybudzone. W ostatnim
etapie, poprzez relaksacje promienista, elektrony wracaja do stanow podstawowych, emitujac
przy tym S$wiatlo, ktdrego energia rowna jest energii przerwy energetycznej pomi¢dzy
poziomem wzbudzonym, a poziomem podstawowym.’>129-131 Emitowane fotony trafiaja do
detektora, gdzie sa przeksztalcane na sygnat elektryczny, w celu obrazowania widma emisji.
Jako zrédto promieniowania wzbudzajacego stosuje si¢ lasery ciggte lub impulsowe, a takze
lampy (np. ksenonowe).”* Diugoéé fali promieniowania wzbudzajacego dobiera sie w
zalezno$ci od charakterystyki materiatu. Jes$li material generuje klasyczng, Stokesowska
luminescencje, jako promieniowanie wzbudzajace stosuje si¢ promieniowanie 0 WYZSZej
energii (krotszej dtugosci fali, najczesciej jest to ultrafiolet), niz promieniowanie emitowane
przez materiat. W przypadku materiatow upkonwersyjnych, wykazujacych luminescencje
anty-stokesowska, w ktorych dochodzi o konwersji energii, jako Zrodlo wzbudzania stosuje si¢
niskoenergetyczne promieniowanie, czesto z zakresu NIR, natomiast emisje obserwuje si¢ w
zakresie Swiatla 0 wyzszej energii (nizszej dtugosci fali). Zdolne do konwersji energii w gore
s3 m.in. materiaty wspotdomieszkowane jonami lantanowcow, takimi jak: Yb3*-Er¥*, Yb**-
Tm®, Yb%*-Ho®. Emisje mozna obserwowaé w calym zakresie promieniowania
elektromagnetycznego, od ultrafioletu, poprzez $wiatto widzialne do podczerwonego. Widma
emisji sg charakterystyczne dla badanych zwigzkow, dzieki czemu umozliwiajg detekcje
okreslonych jonoéw, zwigzkow kompleksowych lub grup funkcyjnych. Ksztatt widm emisji oraz
to przy jakiej dlugosci fali zaobserwuje si¢ piki zalezy od wtasciwos$ci absorpcyjnych oraz
emisyjnych indywiduéw, z ktoérych materiat jest zbudowany. W spektroskopii

luminescencyjnej wykorzystuje si¢ przede wszystkim pomiary widm emisji oraz widm

wzbudzenia 58,129,132,133
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Wykonujgc pomiary krzywych zaniku oraz narostu luminescencji, mozna pozyskac
informacje na temat emisyjnych czaséw zycia, kinetyki oraz mechanizméw procesow
energetycznych zachodzacych w materiale. W przypadku nanomateriatow, w ktoérych
obserwuje si¢ duzy stosunek powierzchni do objetosci, jony powierzchniowe znajduja si¢
czgsto w innym otoczeniu koordynacyjnym, niz te zlokalizowane wewnatrz materiatu.
Odmienne otoczenie koordynacyjne przektada si¢ na roznice w emisyjnym czasie zycia, ktore

w profilu krzywej zaniku luminescencji widoczne jest jako druga sktadowa.

Aby wyznaczy¢ wydajno$¢ kwantowsg luminescencji, bedgcg miarg iloSciowg
efektywnosci zachodzgcego procesu, nalezy przeanalizowaé stosunek zaabsorbowanych i
wyemitowanych przez probke fotonow. Wydajnos¢ absolutna opiera si¢ na zliczeniu liczby
zaobserwowanych fotonow, podczas gdy wydajnos¢ wzglgdna szacowna jest na podstawie
porownania ze wzorcem literaturowym. Badajac zmiang intensywnosci luminescencji w
funkcji gestosci promieniowania wzbudzajacego mozna ustali¢ liczbg fotonéw biorgcych udziat

W procesie.

Barwa emisji ma kluczowe znaczenie dla otrzymywania wspotczesnych urzadzen
optoelektronicznych. W celu jej doktadnego definiowania, stosuje si¢ wyznaczanie koordynat
na diagramie chromatyczno$ci. Wyznaczanie to bazuje na zarejestrowanych widmach emisji i
ustalonych wzorach matematycznych i pozwala pozyska¢ informacje nie tylko na temat barwy,
ale takze jej czystosci i temperatury. Liczbowe pordwnanie koloru §wiata, emitowanego przez
probki, jest takze kluczowe dla materiatow wykazujacych efekt przestrajalnej luminescencji,
czyli zmiang koloru emitowanego przez probke $wiatta, na skutek modyfikacji parametrow

pomiarowych.
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Dyfraktometria proszkowa — XRD (ang. X-Ray Diffraction)

Analiza XRD zaliczana jest o metod analitycznych, powszechnie stosowanych w
krystalografii. Jej wykorzystanie, do analizy substancji w ciele statym, umozliwia poznanie
struktury Kkrystalicznej, wymiaréw jej komorki elementarnej oraz przynaleznosci do grupy
przestrzennej badanego zwigzku. W trakcie analizy, badany material podlega naswietlaniu
monochromatycznym promieniowaniu rentgenowskim, najczesciej o dlugosci fali A= 0,154 nm.
Promieniowanie to ulega odbiciu od ptaszczyzn sieciowych probki i zostaje zarejestrowane
przez detektor (pod katem 6€). Aby umozliwi¢ rejestracj¢ promieniowania odbitego od
wszystkich ptaszczyzn materialu, probka pozostaje w ciaglym ruchu, zmieniajac kat padania
na nig $wiatla. W wyniku tych procesow otrzymuje si¢ dyfraktogram, sktadajacy si¢ z
zaleznosci intensywnosci refleksow od wartosci katow 26. Kolejnym etapem analizy jest
porownanie otrzymanego dyfraktogramu, z tymi znajdujacymi si¢ w dostepnych bazach

krystalograficznych w celu zidentyfikowania otrzymanej struktury.***

Stosujgc rownanie Scherrera, w oparciu 0 wyniki analizy XRD, mozna oszacowac

rozmiar czastek (D) otrzymanego materiatu.

kA
D=
cosf.B?+p'?

gdzie, K to wspotczynnik ksztattu (= 0.9 dla materiatlow sferycznych), A — dlugos¢ fali
promieniowania, 8 — szeroko$¢ refleksu w potowie jego wysokosci, B’ — efekt aparaturowy, 6
— kat odbtysku.1®

Obliczenia z wykorzystaniem rownania Scherrera daja miarodajne wyniki dla czastek,
ktérych rozmiar nie przekracza 100 nm. Jesli dyfraktogram sktada si¢ z waskich refleksow,
wskazuje to na wysoka krystaliczno$¢ otrzymanych materiatow, a takze na ich mikrometryczny
rozmiar. W przypadku nanomaterialdow obserwuje si¢ znaczne poszerzenie refleksow. W
dyfraktogramach materiatbw domieszkowanych obserwuje si¢ przesunigcia refleksow
wzgledem ich potozenia w stosowanym wzorcu. Dzieje si¢ tak wowczas, gdy wbudowywany

jon ma wigkszy badz mniejszy promien niz jon matrycy.'*®
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Transmisyjna mikroskopia elektronowa — TEM
(ang. Transmission Electron Microscopy)

Technika ta umozliwia obrazowanie struktury oraz morfologii czastek, ktérych rozmiar
uniemozliwia ich analiz¢ przy wykorzystaniu klasycznie mikroskopii optycznej. Dodatkowo
pozwala ona na ustalenie rozmiaru ziaren oraz ich stopnia aglomeracji i homogenicznosci.
Zasada dzialania opiera si¢ na wygenerowaniu wiazki elektronéw za posrednictwem dziata
elektronowego oraz skolimowaniu 1 ogniskowaniu tej wiazki, przez soczewki
elektromagnetyczne, w celu uzyskania obrazu mozliwie najlepszej jakosci. Elektrony
wchodzace w sktad wigzki posiadajg takg samg energg, ktora zazwyczaj miesci si¢ w zakresie
80-300 keV. W celu wykonania analizy przygotowuje si¢ koloidalny roztwor badanego
materialu, ktory nastepnie nanosi si¢ na miedziane siateczki pokryte amorficznym weglem. Na
tak przygotowana probke kieruje si¢ wigzke elektrondow, ktére padajac na nig, ulegaja
rozproszeniu, badz przechodza przez nig by nastgpnie trafi¢ do detektora. To, jak duza czesc
wigzki przejdzie przez probke zalezy od jej skladu oraz gestosci. W przypadku
nieprzepuszczalnych dla promieniowania czastek, takich jak metale ci¢zkie, na ktérych
elektrony ulegaja silnemu rozproszeniu, na obrazie obserwuje si¢ ciemne punkty. Jasne obszary
obrazu wskazujg na materialy o niskiej gestosci w sklad ktorych zazwyczaj wchodzg

pierwiastki lekkie. 136138

Uktad stluzacy do pomiarow TEM mozna modyfikowaé poprzez wykorzystanie
réznych detektorow. Uzycie ich moze pozwoli¢ na pozyskanie wigkszej ilosci informacji,
takich jak sktad jako$ciowy oraz przyblizony sktad ilosciowy analizowanej probki. W tym celu
stosuje si¢ detektor czuly na emisj¢ promieniowania rentgenowskiego EDX (ang. energy

dispersive X-ray analysis).
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Skaningowa mikroskopia elektronowa — SEM
(ang. Scanning Electron Microscope)

Skaningowa mikroskopia elektronowa jest jednym z najbardziej zaawansowanych
narze¢dzi badawczych umozliwiajacych analiz¢ powierzchni probek o mikro- i nano-rozmiarze.
W przeciwienstwie do metody TEM, obrazowanie przy uzyciu skaningowej mikroskopii
elektronowej, opiera si¢ na rozpraszaniu i odbiciu elektronow. W tym celu ukiad
elektrooptyczny mikroskopu, sktadajac si¢ z soczewek elektromagnetycznych, generujace
wigzke elektronowg o dlugosci pikometrow. Na powierzchni badanego materiatu dochodzi do
zaabsorbowania, rozproszenia lub odbicia padajacych elektrondw. Do detektora trafia sygnat
w postaci elektronow wtornych lub wstecznie rozproszonych. Elektrony pierwotnie
rozproszone wstecznie, to te, ktére w wyniku sprezystego rozpraszania przez atomy probki,
zmienity swoj kierunek ruchu o wiecej niz 90°. To one dajg sygnatl elektronéw wstecznie
rozproszonych. Pozostate elektrony pierwotne, ktore zostaja zaabsorbowane przez badany
material, zostaje rozproszona niesprezyScie 1 wytraca swoja energic. W zwigzku z
wystapieniem tego zjawiska, najwazniejszy w elektronowej mikroskopii skaningowej sygnat
pochodzi od elektronéw wtérnych, bedacych elektronami niskoelenergetycznymi (ich energia
jest mniejsza niz 50 eV). Rejestrowane zmiany intensywnosci $wiatta odbitego pozwalaja na
uzyskanie obrazu powierzchni w duzej rozdzielczosci ~ 1 nm. W celu poprawy rozdzielczosci
otrzymanych wynikow stosuje si¢ manipulowanie warto$§cig napi¢cia przyspieszajacego wigzke
elektronow. Pozwala to na uzyskanie powigkszonego o nawet 3 mln razy obrazu. Analizy

odbywaja sie w warunkach ci$nienia 107 Pa, 313
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Czes¢ eksperymentalna

Wplyw dlugosci fali wzbudzenia na generowanie
czystej, zielonej luminescencji

Wanadany ziem rzadkich sg grupg zwigzkow, ktore znajdujg szerokie zastosowanie w
wielu dziedzinach nauki i technologii ze wzgledu na korzystne wlasciwos$ci fizykochemiczne,
do ktorych zalicza sie: stabilno$¢ chemiczna, stosunkowo niska energia fononéow (<900 cm™),
nizsza cytotoksyczno$¢ niz kropek kwantowych oraz prosta i ekologiczna metoda ich syntezy.
Problemem badawczym jaki podjetam w pracy (P1l) pt. ,,Generation of Pure Green Up-
Conversion Luminescence in Er¥* Doped and Yb% -Er¥* Co-Doped YVO,; Nanomaterials
under 785 and 975 nm Excitation” bylo generowanie i1 szczegotowe scharakteryzowanie
intensywnej, zielonej upkonwersyjnej luminescencji dla nanomateriatéw opartych o matryce
wanadanu itru domieszkowanego jonami Er®* lub Yb*-Er®*, przy uzyciu dwoéch dhugosci

wzbudzenia laserowego: 785 nm oraz 975 nm.

Wykonano szereg syntez, w wyniku ktorych otrzymano materialy oparte o matryce
ortowanadanu itru domieszkowanego jonami Yb®* oraz Yb®" i Er**. Syntezy przeprowadzono
w Srodowisku wodnym, przy uzyciu metody hydrotermalnej w warunkach zwigkszonej
temperatury i ci$nienia (453 K, 34 bar, 18 h) oraz p6zniejszej kalcynacji (1173 K, 4 h). Podczas
procesu syntezy utrzymywano state pH = 10. Produkty syntez zostaty scharakteryzowane
metodg proszkowej rentgenografii strukturalnej (XRD). Potwierdzono otrzymanie czystej
formy krystalograficznej z grupy przestrzennej 141/amd. Otrzymane materialy wykazywaty
znaczace poszerzenie reflekséw na dyfraktogramach swiadczace o nanometrycznym rozmiarze
czastek (Rysunek la). Wykorzystujac transmisyjng mikroskopi¢ elektronowg oszacowano
rozmiary otrzymanych nanomateriatow oraz wyliczono rozrzut wielkosci ich czastek (Rysunek

2a-d).

Widma emisji zarejestrowano przy uzyciu dwoch roznych dlugosci wzbudzenia
laserowego: 785 nm oraz 975 nm (Rysunek 3a). Zsyntetyzowane probki wykazywaty widoczng
gotym okiem, jasnozielong luminescencj¢. W zaleznos$ci od uzytych jonéw domieszki oraz
wybranych dtugosci fali promieniowania wzbudzajacego, na widmach emisji zaobserwowano
dwa (zielone) lub trzy (zielone i czerwone) pasma pochodzgce od radiacyjnych przejs¢ 4f-4f
jonow erbu. W przypadku zastosowania Aex = 785 nm, widmo emisyjne YVOa: Er®* sktadato
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si¢ jedynie z dwoch waskich pasm pochodzacych od jonow Er¥*: 2Hi1,—*l1s2 (530 nm) oraz
4Ssr,—*11512 (550 nm). Podczas zastosowania wzbudzenia laserowego Jex = 975 nm, na
widmach emisji materiatow YVOa: Er®* oraz YVOu: Yb**, Er®* zaobserwowano dodatkowe,
malo intensywne pasmo zlokalizowane z maksimum dla 670 nm, odpowiadajace przejsciu

jonow Er** *Fgrp—*11sp0.

Na podstawie zarejestrowanych widm emisyjnych wyznaczono wartosci koordynat
koloru (eng. color coordinates) oraz otrzymang czysto$¢ koloru. Zgodnie z oczekiwaniami,
probka z pojedynczym domieszkowaniem (YVOa: Er**), wzbudzona przy uzyciu
promieniowania laserowego 785 nm, wykazala najwyzsza czysto$¢ koloru swojej zielonej
emisji, a mianowicie 98,9%. Wartosci czystosci koloru zmieniaty si¢ nieznacznie podczas
modyfikowania sktadu chemicznego materiatow (jonéw domieszek) i uzytej dtugosci fali
wzbudzenia laserowego. Oszacowano takze skorelowang temperatur¢ barwowa, ktoéra w
zalezno$ci od uzytych domieszek oraz zastosowanego zrodta wzbudzenia, zmieniala si¢ W
zakresie od 6018 do 6334 K.

W niniejszej pracy przedstawiono rowniez schematy procesow radiacyjnych oraz
nieradiacyjnych zachodzacych w badanych nanomateriatach, opartych o matryce
ortowandanowg. (Rysunek 5). W przypadku powszechnie badanych uktadéw, jakimi sg
luminofory  upkonwersyjne domieszkowane para jonow Yb3*-Er**  wzbudzanych
promieniowaniem laserowym Jex = 975 nm, dominuje mechanizm efektywnego transferu
energii (eng. ETU - energy transfer upconversion; rysunek 5d). Natomiast dla materiatow
jednodomieszkowanych (YVOs: Er**), oraz wspétdomieszkowanych (YVOa: Yb%*, Ert)
wzbudzanych promieniowaniem laserowym Aex = 785 nm, mechanizmami odpowiedzialnymi
za upkonwersyjna emisje jonow Er’* sa w przewazajacej mierze procesy absorpcji w stanie
podstawowym (eng. GSA - ground state absorption) oraz absorpcji w stanie wzbudzonym (eng.

ESA - excited state absorption).

Podjety w niniejszej pracy problem badawczy oraz opracowana strategia generowania
czystej, zielonej luminescencji, moze by¢ szczegolnie istotna z punktu widzenia elektroniki i
inzynierii materialowej. Dotyczy¢ moze nie tylko wykorzystania wanadanow, ale takze innych
nanomateriatéw upkonweryjnych domieszkowanych jonami Er®*, wzbudzanych laserami
generujagcymi promieniowanie w zakresie bliskiej podczerwieni. Mozliwos¢ generowania
czystej, kolorowej emisji moze by¢ bowiem wykorzystana do produkcji nowoczesnej

optoelektroniki, nowych zrodet $wiatta, optycznie aktywnych elementdéw réznych urzadzen,

55



itp. Dodatkowo, materialy oparte o matryce wanadanowg czgsto stosowane sg przy
otrzymywaniu nowych, optycznych nanotermometrow. Z tego wzgledu doglebne zbadanie
wlasciwo$ci luminescencyjnych tego materiatu, stanowito podstawg¢ do kolejnych prac
badawczych, obejmujacych tematyke termometrii luminescencyjnej, prowadzonych w ramach

tej rozprawy doktorskiej.

Wktad wlasny w powstanie pracy: koncepcja badan, wykonanie syntez, zbadanie wtasciwosci
fotofizycznych otrzymanych materiatow, wykonanie pomiaréw spektroskopowych, analiza

uzyskanych wynikow, opracowanie danych, przygotowanie grafik i manuskryptu.
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Abstract: Materials that generate pure, single-color emission are desirable in the development and
manufacturing of modern optoelectronic devices. This work shows the possibility of generating
pure, green up-conversion luminescence upon the excitation of Er**-doped nanomaterials with a
785 nm NIR laser. The up-converting inorganic nanoluminophores YVOy: Er’* and YVOy: Yb?*
and Er’* were obtained using a hydrothermal method and subsequent calcination. The synthesized
vanadate nanomaterials had a tetragonal structure and crystallized in the form of nearly spherical
nanoparticles. Up-conversion emission spectra of the nanomaterials were measured using laser
light sources with Aex = 785 and 975 nm. Importantly, under the influence of the mentioned laser
irradiation, the as-prepared samples exhibited bright green up-conversion luminescence that was
visible to the naked eye. Depending on the dopant ions used and the selected excitation wavelengths,
two (green) or three (green and red) bands originating from erbium ions appeared in the emission
spectra. In this way, by changing the UC mechanisms, pure green luminescence of the material can
be obtained. The proposed strategy, in combination with various single-doped UC nanomaterials
activated with Er’*, might be beneficial for modern optoelectronics, such as light-emitting diodes
with a rich color gamut for back-light display applications.

Keywords: lanthanide ions; up-conversion; nanomaterials; rare earth ions; pure green luminescence

1. Introduction

Up-conversion (UC), anti-Stokes luminescence is a phenomenon where two or more
low-energy photons are converted into one photon of higher energy. In this way, the
accumulated energy in the system, usually absorbed by the sensitizer ions, is transferred
to the activator ions [1-5]. In order to generate efficient UC luminescence, the inorganic
matrices co-doped with rare earth ions (typically Ho*, Er** and Tm®*) are commonly
used, such as vanadates, phosphates, borates, fluorides, oxides etc. [1-3,6-16]. Currently,
up-converting (nano)materials are commonly studied in terms of the components of so-
lar cells [17], bioimaging [18,19], nanothemrometry [3,20-26], forensics [27], composite
membranes etc. [28].

Rare-earth vanadates are a group of compounds that are used in many fields of science
due to their favorable physicochemical properties, such as chemical stability, relatively low
phonon energy (22900 cm 1) [29], lower cytotoxicity than quantum dots [30], simple and
eco-friendly synthesis method [31-34] and so forth.

Importantly, the vanadate-based materials and nanomaterials have much better ther-
mal stability (even above ~1300 K), in contrast to their fluoride analogues (commonly
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studied luminescent micron-sized and nano-sized particles), which begin to oxidize and
decompose usually above ~700 K [10,15,25-27,29].

Moreover, due to the doping of lanthanide ions (Ln>*) in their internal structure, such
materials are optically active, and may exhibit luminescence phenomena upon appropriate
photoexcitation, showing characteristic, sharp and narrow emission bands, corresponding
to the Ln3* 4f-4f transitions [20,35]. The vanadate matrices are often used in the conven-
tional luminescence research and also in UC emission studies. In the first case of generating
UV-excited luminescence, the emitter ions are, e.g., Eu**, Pr’*, Sm3*, Dy*", Ho>* and
Nd3* [36-44].

In the case of generation of the UC emission, the most frequently used dopant ions are
the following systems: Yb3*-Er¥*, Yb3*-Tm3* and Yb3*-Ho%*, [45—48]; however, triple or
even four-fold doped systems are also known, such as Yb3*-Ho>*-Nd3" and Yb**-Tm3*-
Ho%*-Er?* [49,50]. One of the most commonly studied materials is YVOy doped with
Yb3*-Er3*. In the case of this system, scientists typically use a conventional NIR laser
emitting wavelength of 975-980 nm to generate UC emission [27,31,51-56].

Wozny et al. reported the UC emission spectra for the YVO,: Yb3"-Er®* obtained
using the co-precipitation method, without the calcination process. In this case, the average
size of the material was estimated at 21 nm, and an intense red emission band of Er**
(4Fg/2—*T15/2 transition) located around 650 nm was observed in the emission spectrum
(Aex = 975 nm) [57]. Szczeszak et al. obtained an analogous material using the Pechini
method [58]. The material showed high agglomeration, and the average grain size was
estimated at 20-50 nm. In that case, the same red emission band originating from Er** was
also observed (Aex = 980 nm).

Meng et al. obtained YVOy: Yb3*-Er®* material using the co-precipitation method [51].
They focused on synthesizing the vanadate materials with different grain sizes, i.e., particles
with average sizes of 20 and 60 nm, as well as 1 um. The research showed the effect of
the material size on the intensity of the band coming from the mentioned Er** transition,
ie., *Fo /Zﬁ\‘lll 5/2. In this case, the intensity of the red band decreased with the increase of
the particle size.

However, there are also reports about YVO,: Yb®*-Er** materials generating con-
ventional (Stokes) emission, such as the contribution of T. Tsuboi, who investigated the
absorption and emission characteristics of this material in the spectral ranges of 200-2000
and 400-1750 nm, respectively, using 671, 355 and 266 nm excitation wavelengths. This
author observed not only the emission bands corresponding to Er** but also the emission
band related to Yb3* emission [57].

The discussed materials, based on vanadate matrices are also thermally very sta-
ble, [59-61], and therefore they are used as thermochromic phosphors, scintillators or opti-
cally active components of lasers [62] as well as contact-less temperature sensors [63,64],
optical high pressure and vacuum sensors [29] and for fingerprint detection [27].

From the point of view of the use of nanomaterials in electronics and optoelectronics,
their synthesis has many advantages, such as the possibility of preparation in large quanti-
ties with the desired composition, size, shape and structure reproducibility etc. During the
preparation of vanadate, a water-based system is used, which provides a number of ad-
vantages, such as simplicity, safety, convenience, ease of transfer to large-scale production
and no harmful organic solvents, which is very important from the point of view of green
chemistry [31,62,65,66].

Here, we present the possibility of generating bright, green UC luminescence, from
nanomaterials based on yttrium vanadate matrices doped with Er®* or Yb3*-Er®* ions.
The optically active compounds were obtained using a hydrothermal method and post-
treatment calcination. The nanomaterials synthesized showed pure green up-conversion
luminescence, which was clearly visible to the naked eye, under continuous laser excitations,
alike at 785 nm (not widely used thus far) and 975 nm.

Importantly, in the case of 785 nm excitation, the emission spectrum of the single-
doped nanomaterial (YVOy: Er**) does not have any contribution of the red emission band
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of Er¥®* (*Fg/,—*1}5/, transition). Our studies show that the excitation wavelength and the
presence of sensitizer ions play important roles in achieving pure green UC emission in
vanadate nanomaterials.

These results and the developed strategy may be particularly important from the
point of view of electronics and materials engineering, not only in utilizing vanadates
but also other Er**-doped UC nanomaterials (e.g., molybdates and tungstates) excited at
higher-energy NIR lasers. This is because the possibility of generating pure-color emission
can be used for the manufacturing of modern optoelectronics, new light sources, optically
active components of various devices etc.

2. Materials and Methods
2.1. Materials

RE,05 (RE = Y3, Yb3* and Er®*) purchased from Stanford Materials (Stanford, CA,
USA; 99.99%), were dissolved separately in 35-38% HCI from POCh. S.A. (Gliwice, Poland)
to synthesize the corresponding RECl3. Ammonium metavanadate (ACS reagent; >99.0%)
and PEG 6000 were purchased from Sigma Aldrich (Darmstadt, Germany). Sodium hy-
droxide was purchased from POCh. S.A. (Gliwice, Poland, pure p.a.; 98.8%). Deionized
water was used in each experiment.

We detail the synthesis of (A) YVOy: 2% Er** and (B) YVOy: 20% Yb** and 2% Er®*.
To synthesize 0.25 g of a given nanomaterial, the aqueous solutions of YCl3 and ErCl; were
mixed together in a molar ratio 0.98:0.02, i.e., 2.362 mL of 0.5 M YCl3 and 0.048 mL of 0.5 M
ErCl; for the product (A); and the aqueous solutions of YCl3, YbClz and ErCl3 were mixed
in a molar ratio 0.78:0.2:0.02, i.e., 1.739 mL of 0.5 M YCl3, 0.446 mL of 0.5 M YbCl; and
0.045 mL of 0.5 M ErClj for the product (B). Subsequently, 10 mL of water was added to the
solutions of Ln®* ions. Next, 0.25 g of PEG 6000 (anti-agglomeration agent) was added and
dissolved in each of the as-prepared solutions.

The solutions containing vanadate ions were prepared by dissolving 0.141 g of
NH4VO;3 in 20 mL of water for the product (A); and 0.130 g of NH4VO; for the prod-
uct (B). An aqueous sodium hydroxide solution (15 mL) was added to each solution of
ammonium metavanadate, at a molar ratio of 1:1. The solutions containing vanadate ions
were heated up to 343 K to obtain transparent aqueous solutions and then added dropwise
to the continuously stirred solutions of Ln3*.

Then, water (up to 40 mL) was added to the as-prepared solutions, and, in the next
step, the pH of each solution was adjusted to =~ 10, using a 1.5 M solution of NaOH. The
obtained mixtures were then transferred into Teflon-lined vessels and hydrothermally
treated in an autoclave (for 18 h at 453 K).

Afterwards, the obtained white precipitates were dispersed several times in ethanol
and water and centrifuged to purify the final products. The obtained products, i.e., YVOy:
Er** and YVO,: Yb*" and Er®* were dried in an oven at 358 K for 15 h. Finally, the
samples were ground in an agate mortar. Later, in order to enhance the crystallinity and
the luminescence signal intensity of the products, they were calcined in a furnace for 4 h at
1173 K. After calcination, the products were ground again in an agate mortar.

2.2. Characterization

Powder X-ray diffraction patterns (XRD) were measured using a Bruker AXS D8
Advance diffractometer (Billerica, MA, USA) in Bragg—Brentano geometry (Cu K« radiation
A =0.15406 nm). Transmission electron microscopy (TEM) (Hitachi HT7700, Ltd. Tokyo,
Japan) images were taken with a Hitachi HT7700 transmission electron microscope (100 kV
accelerating voltage). An Andor Shamrock 500i spectrometer (Andor Technology Ltd.,
Belfast, UK), coupled with a silicon iDus CCD camera, working as a detector, was used
for the emission spectra measurements. The samples were excited by the use of the fiber-
coupled, solid-state diode pumped (SSDP) 975 and 785 nm lasers, i.e., FC-975-2W (CNI;
Changchun, China) and LW-785-120-C12-DM (Lambdawave, Wroctaw, Poland), respectively.
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In both cases, the beam spot sizes were ~200 um (Gauss profile), and the laser power
was adjusted to ~100 mW, for both excitation wavelengths, which corresponds to the power
densities of x50 W cm~2. The luminescence decay curves were recorded using a 200 MHz
Tektronix MDO3022 oscilloscope, coupled to the R928 PMT (Hamamatsu, Shimokanzo,
Japan) and a QuantaMaster™ 40 spectrophotometer (Photon Technology International,
Birmingham Rd, Birmingham UK). A tunable Opolette 355LD UVDM, nano-second pulsed
laser, with a repetition rate of 20 Hz (Opotek Inc., Faraday Ave Suite E, Carlsbad, CA, USA),
was used as the excitation source.

3. Results
3.1. Structure and Morphology

The recorded XRD patterns of the obtained nanomaterials: YVOy: 2% Er®* and YVOy:
20% Yb** and 2% Er®* (Figure 1a) agree with the reference pattern from the ICDD database
(International Centre for Diffraction Data, card no. 01-082-1968) of the tetragonal YVO,,
crystallizing in the [41/amd space group. Due to the nanocrystallinity of the particles
obtained, a significant broadening of reflexes was observed.
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Figure 1. (a) Powder XRD patterns of the obtained YVOy: 2% Er®* and YVOj: 20% Yb3* and 2%
Er** compounds and (b) a graphical representation of the arrangement of atoms in the crystal lattice
of YVO4.

Figure 1b shows a graphical representation of the arrangement of atoms in the syn-
thesized crystal structures. In the cases of the Er** doped and Yb3*-Er®* co-doped YVO,
materials, the Y3* jons in the crystal lattice were partly substituted either by Er>* ions or
by Yb%* and Er’* ions, respectively. TEM images (Figure 2a,b) show that the obtained
compounds were composed of irregular, agglomerated nanoparticles (NPs), and their
average sizes were around 94 + 32 nm for YVOy: Er3* (Figure 2c) and 66 + 17 nm for
YVOy: Yb%** and Er** (Figure 2d).

3.2. Luminescence Properties

The doping concentrations (20 mol.% of Yb** and 2 mol.% of Er**) were chosen based
on our previous studies as well as the literature data [27,55,56]. This dopant ratio provides
optimal, intense UC emissions, due to the efficient energy transfer process between Yb%*
and Er¥*. UC emission spectra were recorded in the range of 500-680 nm (Figure 3a;
Aex = 785 or 975 nm; pump power density ~ 50 W/cm?). The synthesized nanomaterials
exhibit a very bright green UC luminescence that is clearly visible to the naked eye.

60



Nanomaterials 2022, 12, 799 50f 15

200 nm

Yo, £

the average size
94432 0m

B Yvo, Yo© Er*

the average size:
66417 nm

8 120 160 200 20 40 60 8
Size (nm) Size (nm)

Figure 2. (a,b) TEM images and (c,d) corresponding size distribution histograms of the obtained
nanomaterials, i.e., (a,c) YVO,: Er** and (b,d) YVO,: Yb** and Er3*.
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Figure 3. (a) Normalized UC emission spectra of the synthesized YVO,: Er®* and YVOy: Yb3* and
Er®* nanomaterials, measured at two different laser excitations (Aex = 785 or 975 nm; ~50 W /cm?)
and (b) the corresponding chromaticity diagram (CIE 1931).

When using Aex = 785 nm, the emission spectrum of YVOy: Er** consists of only
two narrow, sharp bands from Er**: 2Hy; /2—)4115 /2 (530 nm) and 4g, /2—>4115 /2 (550 nm),
associated with its 4f/—4f radiative transitions (both located in the green region of the
spectrum). However, in the case of using Aex = 975 nm, the YVOy: Er®* and YVO,: Yb3*
and Er®* compounds exhibit an additional low intense band located around 670 nm,
corresponding to the 4Fg /%115, transition of Er**. During the excitation of the co-doped
nanomaterial YVO4: Yb3* and Er’* with a 785 nm laser, a low-intensity band located
around 670 nm was also visible. All bands are split into several Stark components due to
the effects of the crystal-field.

In both synthesized nanomaterials YVO,: Er®* and YVOy: Yb**-Er’*, a pure green
color of luminescence was achieved using Aex = 785 nm, as well as for the single-doped
YVO4:Er** (without ytterbium co-doping) excited at 975 nm, as presented in the chro-
maticity diagram in Figure 3b. However, for the nanomaterial YVO,: Yb**-Er3* excited at
975 nm, the resulting color coordinates are slightly shifted (see Figure 3b).
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Based on the measured UC emission spectra, we determined the values of color
coordinates, summarized in Table 1, where they are all on the edge of green region, and
this indicates a higher color purity of the resulting emissions originating from the obtained
nanomaterials. To confirm this deduction, we estimated the color purity utilizing the
following equation [67,68]:

2 2
x—=x;)"+(y—yi
Color purity = ( il Ut D x 100% 1

V= + e wi)?

where (x,y) denote the color coordinates of the developed nanoluminophores; (x;,1;) are the
color coordinates of the white illuminate point, which have fixed values of (0.3101,0.3162) [69],
and (x,,/4) are the color coordinates of the dominated emissions, whose values can be
determined through extending the straight line between the points of (x,y) and (x;y;) to
the other side (edge of the CIE diagram) [70]. The determined values of (x;,3,) and color
purities for the studied nanomaterials are summarized in Table 1.

Table 1. The values of color coordinates, color purity and CCT for the synthesized YVO,: Er** and
YVOy: Yb** and Er®* nanomaterials.

Color Coordinates :
Dopants Aex () ColorTurity  cer o
x y Xd Ya (%)
Er’* 785 0.2845 0.7022 0.2841 0.7066 98.9 6179
Er¥t 975 0.2937 0.6943 0.2934 0.6997 98.6 6055
Yb3*, Er3* 785 0.2965 0.6901 0.2966 0.6959 98.5 6018
Yb3*, Er3* 975 0.2731 0.7101 0.2722 0.7186 97.9 6334

As expected, the single-doped sample (YVO,:Er®*) excited at 785 nm reveals superior
color purity of its green emission, namely, 98.9%. The color purity values change slightly
with the manipulation of the chemical composition of the materials (dopant ions) and the
excitation wavelengths. In addition to the color coordinates and color purity, the correlated
color temperature (CCT) also plays an important role in determining the color properties of
the generated emissions, and its value can be calculated using the following equations [70]:

CCT = —437n3 + 360112 — 6846n + 5514.31 )

n= (x—xe)/(y—ve) ®)

where (x,y,) have fixed values of (0.3320,0.1858). Thereby, via using these aforementioned
equations, the CCT values for the emissions of Er3+-d0ped and Er3*/ Yb3+-c0doped YVO,
nanomaterials excited with different wavelengths (785 or 975 nm) are calculated and pre-
sented in Table 1. As disclosed, by changing the dopant content and excitation wavelength,
CCT values vary in the range of 6018 to 6334 K.

Additionally, it is worth noting that the intensity of the red emission band of Er®*
(*Fq /2 =45 42) may also be influenced by the synthesis method of the luminescent mate-
rial [51,52,55,71,72]. In general, based on the available literature data, it can be concluded
that thermal treatment, ie., high temperatures used during the solid-state method or
post-synthesis calcination favor green emissions—namely, the relative intensity of the red
emission band is significantly lower compared to the green emission bands [51,52,55,71,72].

Figure 4 shows how the selected excitation wavelengths and the elemental composition
(single- or co-doped samples) affect the intensity of UC emission of the nanomaterials
studied. The excitation of the samples at 785 nm, resulted in higher UC emission intensity
for the single-doped YVO,4:Er** compound. This is most plausibly because, in the case of a
co-doped material, after the excited state absorption of Er3+, some of the excitation energy
is transferred back to the Yb3* ions, namely, via Er¥*—Yb®* back energy transfer (BET),
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which may further relax non-radiatively and radiatively (NIR emission of Yb3*), resulting
in a decrease in the intensity of Er** UC emission.

6x10° Yb*-Er** 2= 785nm Er''),=975nm
Er** %= 785 nm Er** 2, =785nm
4x10°
g
= 5 7
® 2x10 i
3 g
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g l
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Figure 4. Non-normalized UC emission spectra of the obtained nanomaterials YVO,: Er** and YVOj:
Yb3*-Er?*; Aex = 785 or 975 nm (=50 W/cm?).

While, as expected, the most intense UC luminescence is shown by the material co-
doped with Yb**-Er®* ions, excited at 975 nm—namely, two orders of magnitude higher
compared to the second excitation wavelength and the single-doped sample (see Figure 4).
This is due to the high absorption cross-section of Yb%* in the NIR range, centered around
975 nm (*F;/,—2Fs, transitions of Yb®*) and the effective energy transfer UC (ETU) from
the sensitizing Yb3* ions to the emitting Er®* ions (Yb** —Er** ETU).

Importantly, using the 785 nm laser (allowing generation of the pure green lumines-
cence), it is possible to excite the samples in the range of the first biological window (I-BW),
i.e., 650-950 nm [3,7,13]. In this range, the disturbing factors, including scattering or/and
absorption of the laser beam by the biological tissues, are less pronounced, allowing for
better penetration of the tissue by the excitation beam. This feature is particularly impor-
tant, e.g., in the field of development of optical contactless nano-thermometers, which are
particularly useful in biological and medical research and applications [7,13,20].

According to the available literature data, the up-converting materials obtained thus
far, based on the Er** doped or Yb3*-Er** co-doped inorganic compounds do not show
pure, green emission (without the influence of the red emission band) under the NIR laser
excitation, i.e., in the I-BW spectral range. Table 2 summarizes the spectral characteristics of
the luminescent nanomaterials based on the Er®* emission in the vanadate matrices, among
which, YVOy is the most commonly used host.

To date, pure green emission could be achieved only in the case of the conventional,
UV-excited, down-shifting phosphors. Whereas, in the case of the up-converting mate-
rials, excited either in the I-BW or beyond, the red band was inherently present in the
emission spectra.

The main radiative and non-radiative processes occurring in the studied nanomaterials
are shown in Figure 5. In the case of the commonly studied systems, which are the Yb>*-
Er®* co-doped UC phosphor excited at 975 nm, the already discussed and well-established
ETU mechanism dominates (Figure 5d) [2,84-88]. On the other hand, for the single-doped
materials (a,c), co-doped materials (b) excited at 785 nm, the mechanisms responsible for
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UC emission of Er3* are predominantly ground state absorption (GSA) and excited state
absorption (ESA) processes.

Table 2. Comparison of spectral characteristics of different Er**-activated luminescent materials,

based on the vanadate matrices.

Detectable Red

Excitation in

Host Dopant Ions Emission Band Aex (nm) the LBW Refs.
Er?t No 785 Yes
Ert Yes 975 No ;
VO, Yb3+-Erd* Yes 785 Yes e e
Yb3*-Er3t Yes 975 No
Er’* Yes 305-340 No
Vo Yb3+-Erd* Yes 290-330 No 73]
YVO, Erd+ No 223 No [74]
YVO, Er?t Yes 310 No [75]
YVO, Er’* No 300 No [76]
YVO, Erdt No 317 No [77]
YVO, Yb3*-Erdt Yes 980 No [51]
YVO, Yb3*-Erd+ Yes 975 No [57]
YVO, Yb3+-Erd+ Yes 980 No [78]
YVO, Yb3*-Er3t Yes 985 No [31]
YVO, Yb3*-Erd* Yes 970 No [79]
YVO, Yb3*-Er3t Yes 980 No [54]
YVO, Yb3*-Erd+ Yes 980 No [80]
YVO, Yb3+-Er3t Yes 980 No [28]
YVO, Yb3*-Erdt Yes 980 No [81]
Yb3*-Er3+ No 257 No
. 32
WO, Yb3*-Er3* Yes 980 No [82]
Bazch30“ Yb3*—Er3* Yes 978 No [62]
K3Y(VOy), Yb3*-Erd+ Yes 980 No [60]
GdVO, Yb?*-Erdt Yes 980 No [83]

In the latter case (b), the ETU mechanism may also contribute; however, it appears
to be less efficient compared to the GSA and ESA mechanisms. Importantly, pure green
luminescence, i.e., no red emission band in the spectrum, can only be fully achieved for a
single-doped nanomaterial excited at 785 nm (directly into the *Iy,, level of Er**). This is
because, only in that case (a), the “Fy  level cannot be effectively populated (at least at room
temperature), as evidenced by the measured spectra and energy level diagrams depicted.

The only way to theoretically populate this level would be a multi-phonon relaxation
(from the #S; /2 level), which is often considered in the literature to be responsible for the
red emission of Er®* [2,85,86]. However, as the %S /2 and 4F, /2 levels are separated by
~3000 cm ™!, at least four phonons are required to populate the lower-lying state (assuming
the highest-energy phonon mode is ~ 900 cm™! in the vanadate crystal lattice), which
evidently makes the mentioned multi-phonon relaxation process less efficient, compared to
the competing green emission from the %S5, state in the system studied. Whereas, in other
cases (b—d), a red emission band can be observed because the *Fg /2 level can be populated
via the ESA mechanism from the #I;3, level (see the energy level diagrams in Figure 5).

In order to confirm the validity of the postulated UC emission mechanisms, we
measured the UC emission decay curves for the YVO,: Er** and YVO,: Yb3*-Er®* nanoma-
terials, excited at Aex = 785 or 975 nm; monitored at Aepy = 530 (a), 550 (b) and 660 nm (c),
which are presented in Figure 6. It is clear that, in the case of the samples co-doped with
Yb?*-Er3* ions (violet and red curves), the ETU mechanism dominates in the UC processes,
which is manifested by the appearance of the rise curve in the initial parts of the curve
profiles (with maximum intensity around ~3—4 ps).
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Figure 5. Energy level diagrams showing the main radiative (continuous lines) and non-radiative
(dashed lines) processes occurring in the nanomaterials studied, i.e., (a) YVOy: Er®*, Aex = 785 nm;
(b) YVOu: Yb3*-Er?*, Aex = 785 nm; () YVOy: Er**, Aex = 975 nm; (d) YVO,: Yb3*-Er®*, Aey = 975 nm.
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Figure 6. Normalized UC emission decay curves for the YVOy: Er** and YVOy: Yb**-Er®* nanomate-
rials, excited at Aex = 785 or 975 nm; monitored at Aem = 530 (a), 550 (b) and 660 nm (c).

Whereas, in the case of the single-doped samples, containing only Er3* ions, we
observe only simple decay profiles, without any rise component, alike at 975 and 785 nm
excitations, confirming the dominant contribution of the GSA and ESA mechanisms. Note,
the rise curves/components, which are typically observed in many up-converting materials,
are related to the energy transfer from the sensitizer (light harvesting ion) to the emitting
ions, which, in our case, are Yb?* and Er3* ions, respectively.
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The deviations from the pure exponential character of the recorded luminescence
decay curves are mainly due to the quenching effects, such as interionic cross-relaxation
processes. That is why we simply used the following equation to estimate the average UC
emission lifetimes for all observed transitions in the studied systems:

_JI(t) -t

T TI(nar

4)
where 7 is the average decay time of UC luminescence and I(f) is the intensity at time ¢.
The calculated lifetime values are given in Table 3. As expected, in the case of the Yb*-Er’*
co-doped systems the UC lifetimes are much longer (=11-24 us) compared to the ones
doped only with Er** (x3-8 us).

Table 3. Determined average UC emission lifetimes for the YVOy: Er®* and YVOy: Yb>*-Erd*
nanomaterials (excited at Aex = 785 or 975 nm) for the transitions 2H11/2—>4115/2, 453/2—)4115/2 and
#F9/2—*hs/2.

Dopant Ions (A Excitation)

UC Luminescence Lifetimes (t) for the Transitions

2Hy9/,—*1;15/ (530 nm) 48,5/, 4115, (550 nm) 4Fq;y— 4115/, (660 nm)
Yb3*-Er?* (975 nm) 11.35 ps 11.66 ps 19.38 ps
Yb3*-Er?* (785 nm) 20.12 s 20.76 ps 24.26 pus
Er?* (975 nm) 3.37 us 3.58 us 3.05 us
Er®* (785 nm) 7.73 us 7.01 ps -

This is simply due to the presence of Yb%* in the first case (the intrinsic lifetime of the
Yb%* 2F5, excited state), and the related energy transfer to the emitting Er>* ions, leading
to the overall prolongation of the lifetimes. On the other hand, the UC lifetimes are almost
twice as long for the systems excited with 785 nm laser (higher energy), compared to
the 975 nm excitation. This is plausibly due to the excitation of the electrons to higher
excited states (*Gq /2) with a 785 nm laser (see Figure 5), subsequently leading to the longer
relaxation time (via more intermediate excited states) to the emitting levels.

In order to determined and confirm the number of photons required for UC processes
in the systems studied, the dependences of the integrated luminescence intensity (for
each emission band) on the applied laser power were investigated and are presented as
log-log plots in Figure 7. As expected, all emission bands of Er** were associated with
two-photon transitions, both for Aex = 785 nm and Aex = 975 nm, alike for the single- and co-
doped nanomaterials, as evidenced by the determined slope values, which are significantly
higher than unity (one-photon process), being typically close to the ideal value of two
(two-photon process).

The observed deviations from the ideal value (2) are common to UC materials, and they
are typically associated with the processes of non-radiative quenching of the excited states
of Er**, such as multi-phonon relaxation and cross-relaxation phenomena [9]. To determine
the number of photons participating in the transitions associated with the observed UC
emission bands, we used the well-known relation Ij;c & (Ipump)". In this relation, Iy is
the UC emission intensity, Iy is the pump laser power density, and n is the number
of photons involved in the UC mechanism. Performing a simple linear fitting, n can be
calculated from the slopes of the plotted UC emission intensity as a function of the pump
power in both the logarithmic representations [89-91].
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Figure 7. The log-log plots showing the dependences of the integrated UC luminescence intensity on
the laser power for the samples YVO,: Er** and YVOy: Yb**-Er**. The determined slope values (by
linear fitting) correspond to the number of photons participating in the particular transitions.

4. Conclusions

Here, we demonstrated the possibility of generating pure green UC emission by chang-
ing the UC mechanisms via manipulating the excitation wavelengths and the elemental
composition of the dopants, thereby, resulting in altered energy migration pathways and
ET processes. We achieved this goal by suppressing the population of the Fg, level of
Er’* in inorganic, vanadate-based up-converting nanoparticles.

The nanomaterials of interest were single- or co-doped YVO,: Er** and YVOy: Yb%*-
Er’*, respectively, obtained by a combination of hydrothermal and calcination methods. The
synthesized compounds showed intense, visible to the naked eye green UC luminescence
that was observable at various excitation wavelengths, i.e., Aex = 785 nm or Aex = 975 nm.
The influence of the excitation wavelength and elemental composition on the intensity of
the UC emission was investigated.

This study showed that, in order to obtain pure green UC emission (without any
contribution of the red emission band in the spectrum) from the Er**-doped inorganic
matrices, the optically active phase should not contain Yb%* ions and should be excited with
higher-energy NIR light, such as a 785 nm laser, instead of the commonly used 975/980 nm
lasers. The proposed strategy might be particularly important from the point of view of
optoelectronics, lighting techniques, energy conversion etc.—in other words, whenever it
is desired to generate light with a pure, single color.
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Luminescencyjny nanosensor wysokiej temperatury oparty o
nietermalizowane poziomy jonéw Yb®*" oraz Tm®*

Nanotermometry luminescencyjne umozliwiaja doktadne, precyzyjne i nicinwazyjne
pomiary temperatury. Praktyczne zastosowanie wielu termometrow optycznych moze by¢
trudne, zwlaszcza w przypadku bioaplikacji, ze wzgledu na rozpraszanie lub/i pochtanianie
promieniowania przez zywe tkanki. Te techniczne przeszkody mozna przezwyciezy¢ stosujac
nanotermometry oparte na zwigzkach upkonwersyjnych, przy rejestracji widm wzbudzenia i
emisji w oknach biologicznych. W takich materiatach wymienione czynniki przeszkadzajace
sg mniej aktywne, co pozwala na lepszg penetracj¢ tkanek przez emitowane $wiatto. Kolejng
praca badawczg wlaczong w niniejsza dysertacje doktorska jest artykut (P2) pt.: ,,Improving
temperature resolution of luminescent nanothermometers in the NIR range, using non-thermally
coupled levels of Yb®* & Tm*"”, w ktérej podjeto i wykonano szczegétowe badania nad
wlasciwos$ciami luminescencyjnymi materiatu, w warunkach wysokiej temperatury, celem

stworzenia sensora uzytecznego zardwno do badan przemystowych, jak i biologicznych.

W wyniku przeprowadzenia syntezy wspolstragceniowej oraz zastosowaniu metody
hydrotermalnej w warunkach zwigkszonej temperatury oraz cisnienia (16 h, 34 bar, 453 K) i
pozniejszej kalcynacji (573 K, 4 h) otrzymano nanometryczny fluorek itru domieszkowany
jonami Yb*" i Tm3*. Produkt wykonanych syntez zostat scharakteryzowany metoda proszkowe;
rentgenografii  strukturalnej (XRD), ktora potwierdzita otrzymanie czystej formy
krystalograficznej z grupy przestrzennej Pnma. Otrzymany materiat wykazywal na
dyfraktogramach znaczace poszerzenie refleksow, $wiadczgce o nanometrycznym rozmiarze
czastek (Rysunek la). Wykorzystujac transmisyjng mikroskopi¢ elektronows, oszacowano
rozmiary otrzymanych nanomateriatdw, a takze wyliczono rozrzut wielkosci ich czastek
(Rysunek 1 b-c). Zsyntetyzowany nanomateriat, pod wptywem wzbudzenia laserowego Jex =
975 nm, wykazywal intensywna, widoczng gotym okiem, niebieska luminescencje
upkonwersyjng. Zarejestrowane widmo emisji w zakresie 400-960 nm, sktadato si¢ z waskich,
ostrych pasm, ktére odpowiadaly przejéciom elektronowym 4f-4f: dwufotonowym jonéw Tm>*

oraz jednofotonowym jonéw Yb*".

W celu zbadania wihasciwosci termometrycznych materialu zarejestrowano widma
emisji w funkcji temperatury, w zakresie 300-345 K (Rysunek 3 i S3). Wraz ze wzrostem
temperatury, zaobserwowano zmniejszenie intensywnosci pasm emisyjnych pochodzacych od

jonéw Tm3*, natomiast intensywnoéé pasm jonéw Yb3* nie ulegata istotnej zmianie.
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Oszacowano luminescencyjne wspétczynniki intensywno$ci pasm (eng. LIR - luminescence
intensity ratio) dla stosunkéw pasm 940/452 nm , 940/474 nm, 940/650 nm oraz 940/800 nm.
Dla ratiometrycznego pomiaru, jako odniesienie, zastosowano pasma pochodzace od jonow
Yb3*,

W celu ilosciowego pordéwnania wydajnos$ci otrzymanego nanosensora, obliczono
wzgledne czuto$ci (Sy) oraz rozdzielczosci temperaturowe (07; Rysunek 4). Najlepsza czuto$¢
wzgledna uzyskano dla 313 K, ktéra wyniosta 1,58 % K* dla LIR 940/452 nm. Dla pozostatych
stosunkow pasmowych wartosci te wyniosty odpowiednio: 0,82 % K™ (940/474 nm), 0,93 %
K (940/650 nm) i 0,80 % K (940/800 nm). Dzieki bardzo wysokiemu stosunkowi sygnatu
do szumu, najlepsza rozdzielczos¢ temperaturowg dla 313 K wyznaczono dla stosunku
intensywnos$ci pasma 940/800 nm i wyniosta ona 67 = 0,22 K. Dla pozostatych stosunkéw

pasm, w tej samej temperaturze, wartosci o7 byty znacznie gorsze.

Wyniki badan wykonanych w tej pracy wykazaty, ze zastosowanie luminescencyjnego
stosunku pasm 940/800 nm zlokalizowanych w zakresie pierwszego okna biologicznego,
skutkuje zadowalajaca czuloscig temperaturowa i zapewnia duza doktadnos$¢, czyli bardzo
wysoka rozdzielczos¢ detekcji temperatury. Stad, opracowany nanosensor moze by¢
potencjalnie wykorzystany w badaniach biologicznych, np. do okreslania zmian temperatury w
tkankach, a takze w innych dziedzinach wymagajacych podobnie wysokiej rozdzielczo$ci

przestrzennej (w skali nano-submikronowej) i wysokiej rozdzielczo$ci temperaturowe;.

Wktad wlasny w powstanie pracy: koncepcja badan, wykonanie syntez, zbadanie wtasciwosci
fotofizycznych otrzymanych materialdbw, wykonanie pomiarow spektroskopowych w
warunkach atmosferycznych oraz w warunkach wzrastajacej temperatury, analiza uzyskanych

wynikéw, opracowanie danych, przygotowanie grafik i manuskryptu.

73



Journal of Luminescence 228 (2020) 117643

Contents lists available at ScienceDirect
Journal of Luminescence

journal homepage: http://www.elsevier.com/locate/jlumin

LUMINESCENCE

JOURNAL OF

Full Length Article

Improving temperature resolution of luminescent nanothermometers

working in the near-infrared range using non-thermally coupled levels of

Yb®t & Tm3*

Natalia Stopikowska, Marcin Runowski , Przemystaw Wozny, Szymon Goderski, Stefan Lis

Adam Mickiewicz University, Faculty of Chemistry, Uniwersytetu Poznanskiego 8, 61-614, Poznari, Poland

ARTICLE INFO ABSTRACT

Keywords:

Optical nanothermometers
Temperature-dependent properties
Luminescence intensity ratio (LIR)
Functional nanomaterials
Lanthanide ions

Up-converting nanothermometer YF3: 20% Yb®*, 0.5% Tm®" was obtained via hydrothermal synthesis and a
subsequent post-synthesis thermal treatment. The nanomaterial formed a stable colloid and showed (under 975
nm excitation) blue upconversion luminescence visible to the naked eye. The emission spectrum consisted of five
thulium ion bands (450-870 nm) and one ytterbium ion band (above ~900 nm). The determined band intensity
ratios of the non-thermally coupled levels (non-TCLs), i.e. emission bands of Tm*>* and Yb** observed in the
visible — NIR ranges, monotonously change with temperature. Using linear fits, the determined band intensity
ratios were correlated with temperature, and the relative temperature sensitivities and temperature resolutions
were calculated for four of them, associated with the non-TCLs of Yb** and Tm>*. Utilizing the 2F5/2 - 2'l"'7/2/3H4
— 3Hg band intensity ratio of Yb*/Tm>" (940/800 nm), located within the NIR spectral range of the first
biological window, and exhibiting very high signal intensity, the developed nanothermometer has a decent
relative sensitivity (S, =~ 1% K!) and excellent temperature resolution (87 ~ 0.2 K) at 313 K. The obtained
material can be used to construct new nanothermometers, useful both in biological experiments and in industrial

research.

1. Introduction

Optical measurements performed by the use of luminescent nano-
thermometers are fast, accurate, precise and non-invasive, allowing
temperature sensing with high spatial and temperature resolution.
Thanks to the use optical, non-contact luminescent nanothermometers,
it is possible to non-invasively penetrate the cells and determine the
temperature inside them by analyzing spectroscopic changes in the
emission spectrum [1-3]. They can be also used for remote monitoring
of temperature in the advanced electronics, where the controlling of
temperature level is of crucial importance [2-4]. The luminescent
nanothermometers are based on various compounds, such as inorganic
fluorides, phosphates, vanadates doped with optically active d-block
metal ions and lanthanide ions, as well as carbon dots and quantum dots,
and the others [1-8]. Practical applications of many optical thermom-
eters may be difficult, especially in the case of bioapplications, due to
the fact that part of the incident and emitted radiation is scattered
or/and absorbed by living tissues (blood, fat, skin) [1-5,9,10]. This

* Corresponding author.
** Corresponding author.

technical obstacle can be overcome by using nanothermometers based
on up-converting compounds, with excitation and emission in biological
windows, i.e. first 650-950 nm, second 1000-1400 nm and third
1500-1800 nm [1,11-14]. In such materials, the disturbing factors
mentioned are less pronounced, allowing better penetration of tissue by
light.

Up-conversion (UC) emission can be obtained using various inor-
ganic matrices (e.g. LnFs, LnPO4, NaYF4, LnVOg, etc.) doped with
lanthanide ions [5,15-17], which exhibit multicolor luminescence, as a
consequence of their intrinsic 4f-4f electron transitions. These 4f-4f
electronic transitions are prohibited by Lapporte selection rules, which
is associated with long emission lifetimes (ps-ms range) of lanthanide
ions, their narrow emission bands, and little dependence on the coor-
dination environment [18-23]. The up-converting system usually con-
tains the ion (or ions) of the sensitizer, e.g. Yb®*, and the ion (or ions) of
the emission activator, e.g. Ho®', Er®*, Tm®" [1,5,9,11]. Upon laser
irradiation, the harvested/accumulated energy from the sensitizer ions
is transferred to the activator ions. Due to the absorption of at least two
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photons of low-energy radiation (usually NIR), the electron jumps to the
excited level, from which later (returning to its ground state) it emits
higher-energy radiation (usually in the visible range) [5,9,11,12,24]. It
is also important that the obtained material absorbs and can be excited
within the range of commercially available lasers.

Temperature has a notable influence on the spectroscopic properties
of lanthanide ions. As the temperature rises, the following changes are
observed: decrease or increase in the intensity of emission bands, the
appearance of new bands in the emission spectrum, shortening of
emission lifetimes, changes in luminescence intensity ratios (LIR),
bandwidths, slight spectral displacement, different efficiency of energy
transfer and charge transfer processes [1,3-5,9,25,26]. Most often,
non-contact, optical nanothermometers are based on the fluorescence
intensity ratio technique (FIR). In the case of lanthanide ions, in which
4f-4f electron transitions occur, it should be called the luminescence
intensity ratio (LIR) [2,4,27]. This ratiometric method ensures: fast and
uncomplicated measurement, high temperature resolution and good
accuracy/precision [2-5,25,27-29]. The decrease in the intensity of
selected bands, and the appearance of new bands in the emission spec-
trum is usually associated with thermalized levels of lanthanide ions.
These levels are located close to each other and do not differ signifi-
cantly in energy (~200-2000 cm ') [1-5]. Thermalized levels have ions
such as Pr¥*, Nd**, Ho®", Tm®* or Er®*, which can be used as optical
nanothermometers, based on changes in the intensity ratio of the bands
in their emission spectra, corresponding to the particular
thermally-coupled levels (TCLs) [3-5,25,27]. When the electron is at the
excited level, as a result of providing additional thermal energy, it can go
to the level above, from which it emits radiation. The consequence of
this process is a decrease in the intensity of the lower energy band and
the appearance (or the increase in intensity) of a new band coming from
a higher energy level [26,30-32]. It should be emphasized that band
intensity ratios associated with some non-TCLs of lanthanide ions can
also be used to detect temperature changes in the system, e.g. taking
benefits from different temperature-dependent quenching rates [1,5,13,
25,27].

There are a lot of reports about the possibility of using the LIR
technique for temperature detection [1,25-28,30]. Many lanthanide
ions have various emission bands (both TCLs and non-TCLs), whose
intensity ratios show satisfactory temperature relationships, which
makes them attractive for the use in this technique, e.g. I) TCLs: Pr>* LIR
located around 522/537 nm (°P; — *Hs/°Py — °Hs), 586/603 nm (°P; —
3He/°Py — ®Hg) and 700/723 nm (°P; — °F4/°Py — °F4) [33]; Ho®* LIR
located around 444,482 nm (°F1, °Gg — °Ig/°F 3 *Kg — °Ig) [34]; Er**
LIR located around 525/545 nm (*Hyy /2 — “Iis/2/%S3/2 — *is/2) [1,28,
30]; II non-TCLs of single- and multi-doped systems, such as Yb3+, Er*t
and Tm®* co-doped systems, with LIR located around 1000/1230 (Yb®*)
2F; /5 — %Fs/2/(Tm*") *Hs — °Hg, and around 1000/1550 (Yb%*) 2F;,5
= 25 5/(Er®") *13/5 — *I15/2) [35]; Ho®" LIR located around 750/650
nm (°Fs — °Ig/?S,, °F4 — 5Ig) [36], just to name a few.

Here we report the inorganic nanoluminophore YF3: 20% Yb®*, 0.5%
Tm3+, showing intense, visible to the naked eye UC luminescence (Aex =
975 nm), developed for temperature-sensing purposes. The nano-
material synthesized shows both UC luminescence from thulium ions, as
well as phonon-assisted emission from ytterbium ions (above ~900 nm)
[21]. The luminescence properties of the material were analyzed in the
400-960 nm range, including the first biological window. The band
intensity ratios of non-TCLs of Yb®" and Tm** ions located in that broad
spectral range, were used to calculate the corresponding relative sensi-
tivities and temperature resolutions for the synthesized nanomaterial.
We showed that using LIR of Yb®"/Tm®*, located around 940/800 nm
(2F5/2 - 2F7/2/3H4 - 3Hs) the obtained nanothermometer exhibits
excellent temperature resolution, i.e. 5T ~ 0.2 K at 313 K.
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2. Methods
2.1. Materials

RE03 (RE = Y3, Yb3* and Tm®") (99.99%, Stanford Materials,
United States) were separately dissolved in HNO3 (65%, ultrapure,
POCh. S.A., Poland) to synthesize the appropriate nitrates RE (NO3)s,
and then evaporated to remove the excess of acid. The following re-
agents were purchased from Sigma Aldrich: ammonium fluoride (>98
pure p.a.) and PEG 6000. Deionized water was used for all experiments.

2.2. Synthesis of YFs: Yb**, Tm®*

The synthesis was performed to obtain 0.3 g of the YF3: 20% Yb3t,
0.5% Tm®* product. Aqueous solutions of Y(NO3)s, Yb(NO3)3 and Tm
(NO3)3 were mixed in a molar ratio 0.795 : 0.2: 0.005, i.e. 3.311 mL of
0.355 M Y(NO3)3, 1.164 mL of 0.254 M Yb(NO3)3 and 0.028 mL of 0.26
M Tm(NO3)3. Next, 20 mL of water and 25 mL of ethanol were admixed
to the solution of Ln®* ions. Then, 0.3 g of PEG 6000 (anti-agglomera-
tion agent) was dissolved in the as-obtained solution, providing good
biocompatibility of the final material. A solution, which contained the
source of fluoride ions, was obtained by dissolving 0.7305 g of NH4F
(50% molar excess) and 0.15 g of PEG 6000 in 25 mL of water and
ethanol 12.5/12.5 solvent system. The two solutions were heated up to
323 K. The solution of Ln>* ions was added dropwise to the continuously
stirred and heated solution of NH4F. After the addition, the solutions
were stirred for 1 h at 323 K. After this time, using dilute nitric acid, the
PH of the solution was adjusted to ~2.7. The final solution was trans-
ferred into a Teflon-lined vessel and hydrothermally treated in a
microwave-heated autoclave (16 h, 453 K). After hydrothermal treat-
ment, the prepared white precipitate was purified by centrifugation and
washing repeatedly with ethanol and water. The final product YF3:
Yb3+, Tm>* was dried overnight in an oven (358 K), and after that the
sample was ground in an agate mortar. In the next step, it was calcined
in an oven for 4 h at 573 K, in order to improve crystallinity and lumi-
nescence of the material. After that, the sample was again ground in an
agate mortar. A part of the product (0.016 g) was dispersed in 10 mL of
water by the use of ultrasounds to obtain an aqueous colloid, exhibiting
intense blue luminescence, under NIR irradiation.

2.3. Characterization

Powder X-ray diffraction pattern (XRD) was measured with a Bruker
AXS D8 Advance diffractometer in Bragg-Brentano geometry, using Cu
Kal radiation % = 1.5406 A (6-60° with 0.05° step scan mode). Trans-
mission electron microscopy (TEM) images were obtained with a Hitachi
HT7700 transmission electron microscope (100 kV accelerating
voltage). Using dynamic light scattering technique (DLS), the particles
size distribution and zeta potential were tested. Emission spectra were
collected with an Andor Shamrock 500i spectrograph using a silicon
iDus CCD camera as a detector. The sample was excited by the use of a
fiber-coupled, solid-state diode pumped (SSDP) laser FC-975-2W (CNI).
The laser beam was focused to about 0.2 mm spot in diameter, and the
applied power was adjusted to 1 W. Before the thermometric experi-
ments, a sufficiently low power of the laser was adjusted to avoid un-
controlled increase in temperature of the sample, by heating the
material with the laser beam. When the band intensity ratio associated
with Tm®" thermalized levels remained constant, the laser induced
heating effect do not occur.

3. Results and discussion
3.1. Structure and morphology

The recorded XRD pattern of the synthesized YFs: 20% Yb®*, 0.5%
Tm>" nanomaterial (Fig. 1a) is consistent with the reference pattern
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Fig. 1. (a) Powder XRD patterns of the YF3: 20% Yb**, 0.5% Tm>*; (b) TEM image of obtained NPs, and the corresponding (c) size distribution histogram based on

TEM; (d) emission spectrum of the obtained material; Aex = 975 nm.

from the ICDD database (International Center for Diffraction Data, card
no. 01-070-1935) of orthorhombic YF3, crystallizing in the Pnma space
group. The significant broadening of the reflexes results from the
nanocrystallinity of the obtained particles. The TEM image (Fig. 1b)
shows that the resulting material is in the form of nearly spherical,
irregular agglomerated nanoparticles (NPs), and their average size is
about 58 + 10 nm (Fig. 1c). The obtained product formed a stable
colloid (the NPs do not settle down over few hours), due to the small
particles size and large surface charge, i.e. zeta potential of about 37 + 6
mV at pH 7 (Fig. S1). DLS-based size distribution histogram is presented
in Fig. S2.

3.2. Luminescence properties

The synthesized nanomaterial shows a strong, visible to the naked
eye, blue up-conversion (anti-Stokes) luminescence (both in powder and
colloid), after excitation with 975 nm laser. In this system, Yb3* ions act
as sensitizers, which transfer the absorbed NIR energy to the nearest
emitting Tm>* activator ions, and pump their excited states via energy-
transfer UC processes. In the emission spectrum (Fig. 1d), the narrow,
sharp bands are observed in the range of 400-960 nm, which correspond
to the following 4f-4f electron transitions: UC emission from thulium
ions, i.e. °Hy — Hg (800 nm), *Fa3 — *Hg (690 nm), 'G4 — °F4 (650
nm), 1G4 — 3H5 (475 nm), lDz - 3F4 (452 nm) and emission from
ytterbium ions, i.e. 2F5/2 — 2F;/5 (940 nm) transition (phonon-assisted
emission) [21]. To remove the incident NIR laser beam during the
measurements, we have used a short-pass filter 950 nm, which cuts off a
part of the Yb** band, but this has a negligibly effect on the rate of
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changes of the relative intensity ratios of the Yb®>*/Tm>* bands as a
function of temperature [1]. Thulium bands located in the emission
spectra at 650, 690 and 800 nm, and the ytterbium band located at 940
nm, are in the range of the first biological window (650-950 nm), so
they are especially appealing from the biological point of view. Fig. 2
schematically presents the observed energy migration paths in the ob-
tained YF3: Yb®*, Tm®* nanomaterial, showing Tm®* UC luminescence
and Yb>* emission.

In order to investigate thermometric properties of the synthesized
NPs, their UC emission spectra were collected as a function of temper-
ature, in the range of ~300-345 K (Fig. 3 and S3). Due to the large
energy gap (~2000 cm ') between the Hy and °F, 3 levels of Tm>",
these commonly used TCLs are thermalized at relatively high tempera-
ture values, so at room or mild temperature (below 2350 K) Tm>" ions
exhibit low intensity of the emission band located around 690 nm
(thermally-coupled with the band located around 800 nm) [5]. In other
words, the thermal energy is too small to allow electrons to move easily
between these levels in the mentioned temperature range, so in this
work we have focused only on the non-TCLs of both ions.

In Fig. 3, a decrease in the intensity of Tm>* bands, located in the
range from 450 to 850 nm can be observed. The intensity of Yb3t 25y
- 2F7/2 transition (band around 940 nm) almost does not change with
increasing temperature. That is why, we used it as a reference for the
ratiometric temperature sensing. The bands located at 450, 475, 650 and
800 nm (Tm®") in relation to the one above 900 nm (Yb*"), do not
originate from thermalized levels. However, they clearly show different
temperature-dependent quenching rates, hence, after appropriate cor-
relation with temperature, their relative intensities or band ratios can be
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Fig. 3. Emission spectra of the synthesized YFs: Yb®*, Tm®* NPs, measured at
increasing temperature values; Aoy = 975 nm.

applied for thermal sensing purposes.

The determined luminescence intensity ratios (LIR) were success-
fully correlated with temperature, namely the bands ratios: 940/452,
940/474, 940/650 and 940/800 nm (Fig. 4 left). In each case, an in-
crease in the value of the LIR parameter was observed, with increasing
temperature. Favorably, the observed changes were monotonous and
linear, so we used the simple linear fit functions to correlate them with
temperature (see Fig. 4 left and Table 1). To calculate the error of LIR
determination (presented as error bars), the value of the integrated noise
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area was divided by the band area, taking into account both bands used
for the particular LIR parameter. The error of temperature determina-
tion (by the use of a thermocouple during the measurements) is about +
1 K, which results from the specifications of the apparatus.

In order to quantitatively compare the performance of the obtained
nanothermometer, the relative temperature sensitivities (S,), corre-
sponding to the measured LIR parameters were calculated (Fig. 4 cen-
ter). This very important sensitivity factor estimates how the analyzed
parameter (in our case LIR) changes per 1 K [27]. The S, value is usually
expressed in % K1, and it is defined as:

dLIR 1
dT LIR

Sr = 100% Eq. (1)

Additionally, temperature resolutions (5T) for the developed nano-
sensor were determined based on Eq. (2), where SLIR is the uncertainty
of the LIR determination.

1 OLIR

=% LR Eq. (2)

Please note, in this work we discuss and compare thermometric
properties at constant temperature value (313 K), which is more infor-
mative than showing maximum S, at different temperatures and the
corresponding (or minimum) 6T values. This temperature is valid alike
for electronics, and it is crucial for biological research, as cancer cells
induce a temperature increase from 310 to 313 K in their local envi-
ronment. Therefore, high relative temperature sensitivity and good
temperature resolution in this range are desirable. The best S, at 313 K
was achieved for the 940/452 nm band intensity ratio, namely 1.58%
K! (maximum S, ~ 1.9% K ! around 300 K). This value compared to
other reported relative sensitivities for non-thermalized bands is rela-
tively high (see the next paragraphs). However, please note the band
around 452 nm is beyond the spectral range of the biological window.
For the other band ratios, S, values at 313 K were calculated to be around
0.82% K ' (940/474 nm), 0.93% K ' (940/650 nm) and 0.80% K '
(940/800 nm).

The calculated uncertainties of optical temperature determination
are shown in Fig. 4 (right). Thanks to the very high signal-to-noise ratio,
the best temperature resolution at 313 K was determined for the 940/
800 nm band intensity ratio, i.e. §T = 0.22 K. Whereas, for the other
ratios, at the same temperature 5T values were much worse, i.e. 4.15 K
for 940/452 nm, 2.73 K for 940/474 nm and 3.50 K for 940/640 nm. It is
clear that the use of 940/800 nm band intensity ratio (situated in the
NIR range of the first biological window) results in a satisfactory tem-
perature sensitivity and provides great accuracy, i.e. very high resolu-
tion of temperature sensing. Hence, it can be potentially used in
biological research, e.g. to determine temperature changes in tissues, as
well as in other fields requiring alike high spatial resolution (in nano-/
submicron-scale) and high temperature resolution.

To check the applicability and reliability of the developed nano-
thermometer, the thermal cycling of the sample was performed (Fig. S4).
All measured LIRs reversibly change with temperature, confirming
thermal stability of the material, and proving that it retains its ther-
mometric properties after the repeated heating-cooling cycles.

Table 1 shows the fitting parameters and the calculated S, and 6T
values at 313 K. Table 2 shows the S, data for sensing with non-TCLs of
different lanthanide-based luminescent thermometers, and 5T values
only for some of them, because most reports do not show temperature
resolution data (determined in a comparable way). Based on the com-
parison presented in Table 2, it can be seen that the LIR 940/800 nm
(%Fs/2 — 2F7,2/°Hq — °Hg), located in the first biological window, shows
the best values of 5T in relation to the presented literature data. The
obtained results indicate that the developed nanothermometer is suit-
able for thermal sensing, both in biological systems, and for industrial
applications.
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Table 1

LIRs, the corresponding transitions and R [2] calculated on the basis of a linear
fit, relative temperature sensitivities (S,) and temperature resolutions (8T) at
313 K for the YF5: Yb**, Tm®* nanomaterial.

LIR Transitions R[2] Equation S (% 8T (K)
K

940/ 2Fy/p — 2F7;/  0.987  5.23T-1307.029 1.58 4.15
452 D, — °F4

940/ 55— 2Fr2/ 0983 0.58T-111.276 0.82 2.73
474 1G4 — *He

940/ %P5y — 27/ 0996 1.08T-221.940 0.93 3.50
650 1Gy — °Fy

940/ s —2Frp/ 0999  7.76 x 10 °T ~ 0.80 0.22
800 Hy — *Hg 1.459
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x = 975 nm.
4. Conclusion

Here we have shown how to improve temperature sensing resolution
of luminescent nanothermometers, using non-TCLs of Yb>" and Tm>".
Inorganic yttrium fluoride doped with ytterbium and thulium ions was
obtained in the form of small NPs (=60 nm), using a hydrothermal
method and a subsequent thermal post-treatment. The resulting nano-
material formed a stable aqueous colloid, showing under NIR 975 nm
laser excitation visible to the naked eye, blue up-conversion lumines-
cence, originating from thulium ions. The temperature dependence of its
luminescence properties was investigated in the range of 300-345 K. It
was observed that the intensity of all bands resulting from Tm®* de-
creases with increasing temperature, while the band resulting from Yb*"
showed almost constant intensity. Ratiometric analysis was performed,
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Table 2
Comparison of S, and 8T at 313 K for different inorganic, lanthanide-based phosphors, utilizing for temperature sensing band intensity ratios, corresponding to non-
TCLs.
Dopant ions Host Sy, max T S, at 313 Trange ST at Transitions h (nm) Ref.
K (K K@®KH (K 313K
Yb*-Tm® YFs 1.89 303 158 303-345 415 (Yb*)%Fs/5 — 2F72/(Tm*)'Dy — F,4 940/452 This
0.89 303 0.82 303-345 273 (YB*) P55 = 2Fpp/(Tm>)'Gy — *He 940/474 work
1.04 303 093 303-345  3.89 (b )Fs/n = *Fr0/(Tm*> )Gy — °Fa 940/650
0.87 303 0.80 303-345  0.22 (Yb*)Fs5/5 — 2F7,0/(Tm®*)*Hy — *He 940/800
Yb*-Tm? LiNbO3 0.73 365  0.64 300-800 (Tm®)*Fy 5 — *He/(Tm**)'Gy—F,4 700/476 [37]
pr Sr2GeO, 0.9 22 ~0.5 17-600 ~0.45 (Pr**)°Pg — “He/'Da - Ha 612 [38]
Pré" LaMgo.492Nbo 50503 0.83 448 0.35 298-523 (Pri)*Py—"Hy/(Pr? ") Py—Fy 540/655 [39]
0.71 473 0.25 298-523 (Pri4) Dy —2Hy/(Pr®+)°Py—Hy 620/500
0.73 473 0.24 298-523 (Pr*") 1Dy = Ha/ (P )Po—F, 620/655
Pr? LagMgTiOg 1.28 350 1.0 77-500 (Pr**)*Po—*H,/(Pr**)' Da—"H, 608/499 [40]
Er®’ NaYF4 119 303 1.05 303-483 (Er*)'Fry2 = "his2/(E* )85 — s 2 490/540 [411
Ce?"-Tb*" LiYo(Si04)602 0.4 298 038 298-473 (Ce*")5d—4f/(Tb*")°D—"Fs 390/541 [42]
Gd**-Er** NaFrF,@NaGdF, 0.59 303  0.55 303-593 (Er¥) g5 = *y5,2/ (B ) Fosn = ysn 806/654 [43]
- 1.15 303 11 303-593 (B o2 = his/a/(Er° )30 = *hspa 806/540
Ybi, Er® p-NaYF4/SiOa 1.64 337 1.44 299-337 0.8 (YB**) 2Fg)0 — Fp/(Br*") *lojn ™ MLisje 1010/810  [1]
core/shell nanorods 0.96 337 079 299-337 1.0 (YD) 2Fg 5 — 2Fp/(Er* ) *Foyp — ysse 1010/660
Yb¥ RS NaGdFy4 1.29 303 0.85 303-373 (Er")'Fos2 — “his,2/(Er*)Hinsz — "hissa, 654/ [44]
(Er®*)*S5,5 = Ty (Br*)*S5,0 = 52 523,542
Yb*rErT GeO,-PbO-PbF, glass 1.00 300 0.94 300-466 (Er*YH1 /2 = *is/o/ (B ) o2 — *hispo 520/652 [45]
ceramic
Fe’-Nd* LiAlsOg 0.56 193 0.1 123-573 (Fe* )T, (*G)—*A(°S)/(NA* ) *Fa p — g 660,900 [46]
Bi®*-Eu®" CazYZr,Al:0:2 0.66 548 0.15 297-573 (Bi®)Py1—'So/(Eu®)°Dg—"Fo 313,392/ [471
610
Yb*HHo - Y205 0.69 303 0.62 303-703 (Tm®")'G4— He/(Ho* )°F3—~"Ig 477/488 1481
Tm®*
Yb**-Ho® Gdy(WO,)3 0.55 205  0.51 295-595 Tm**)!G4—>He/(Ho> )8, -Ig 473/540 [49]
Tm?** 0.06 295  0.06 295-595 (Ho*)*F5—"1s/(Tm* ") G4~Hs 655/473
0.61 295 055 295-595 (Ho™) Fs—"1g/(Ho**) S, ~°lg 655/540
Yb*Ho - KLu(WO4); 0.6 205 0.55 295-323 (Tm**)*F25 — *He/(Ho® ), 696/545 [50]
3
Tm”"
Yb**-Ho®*- p-NaLuFy 0.34 503 0.21 293-503 (Er**)'Fo 3 = “Iis 2, (Ho**)%8,,5F4—"1;/ 659/547
Er’ (Er*")'Sa/2 = Misa, (HO®')°85,°Fa=l
1.73 293 145 293-568 (Ho*)°Is=Ie/(Er*)*Io/2 — *lis/2 887/817
0.42 293 0.33 293-568 (Ho*)®15— Ig/(Er* )Ly 35 — Lis/2 887/1545
0.21 430 018 293-568 (Ho*)*le—Tg/(Er* ) 'Lizso — sz 1177/
1545
YbEr NayZrF, 1.8 300 176 300-400 (Tm*)°Hy=He/(Er* ) 'Fosz — 152 800/673 [51]
Tm®*
Yb*, Er®t, LaFs:Yb,Er/LaF5:Yb, Tm 3.9 203 21 293-323 =07 (Yb**)Fy/5 — 2Fs,0/(Tm®*) *Hg—>H, 1000/ [35]
Tm®* core/shell 1230
5.0 25 293-323  ~0.6 (Yb*) 2Fy/5 — *Fop/(Er*") Tiasa — "is2 1000/
1550
Yb, Nd¥, StFx:Yb,Tm/Y/YbEr,Nd/  =1.6 333 145 293-333 1.7 (Yb*) 255 — 2Fp0/(Nd> ) P30 — Tz 980/1060  [52]
Er**, Tm** Nd core/shell

and the determined Yb*!/Tm>" band intensity ratios were correlated
with temperature using linear fits. The S, and T values for the devel-
oped nanothermometer were calculated. The best S, at 313 K was ach-
ieved for the 940/452 band intensity ratio, namely 1.58% K. For the
other band intensity ratios, the S; values were also relatively high, e.g.
0.82% K" for 940/474 nm, 0.93% K" for 940/650 nm and 0.80% K"
for 940/800 nm. However, the optimal value of temperature resolution
at 313 K was achieved for the 940/800 nm band intensity ratio (5T ~0.2
K). That is why, the 940/800 nm luminescence intensity ratio having
great signal intensity, satisfactory sensitivity and very good temperature
resolution, could be used for temperature sensing in biological research
and industrial applications, requiring precise and accurate temperature
determination, feasible also in nano-sized regions.
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Fig. S2. DLS based size distribution histogram of the particles (average size: 154 + 53 nm).
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Wplyw mocy lasera na wlasciwosci nanomtermometru luminescencyjnego
YVOq: Yb¥, Er¥

Kolejng pracg badawcza obejmujaca zakres niniejszej pracy doktorskiej jest artykut (P3)
pt.: ,,Improving performance of luminescent nanothermometers based on non-thermally and
thermally coupled levels of lanthanides by modulating laser power”, poruszajacy tematyke

wplywU mocy lasera na wydajno$¢ nanotermometréw luminescencyjnych.

W celu otrzymania ortowandanu itru domieszkowanego jonami Yb** i Er®*
wykorzystano procedure syntezy opisang w pracy (P2) pt. ,,Generation of Pure Green Up-
Conversion Luminescence in Er®* Doped and Yb** -Er®* Co-Doped YVO; Nanomaterials
under 785 and 975 nm Excitation”. Produkt syntezy zostal scharakteryzowany metoda
proszkowej rentgenografii strukturalnej (XRD). Potwierdzono otrzymanie czystej formy
krystalograficznej z grupy przestrzennej l41/amd. Otrzymany materiat wykazywal na
dyfraktogramach znaczace poszerzenie refleksow $wiadczace o nanometrycznym rozmiarze
czastek (Rysunek la). Wykorzystujac transmisyjng mikroskopi¢ elektronowa, oszacowano
rozmiary otrzymanych nanomateriatow oraz wyliczono rozrzut wielkos$ci ich czastek (Rysunek

1 b-c). Otrzymany wanadan itru wykazywat zielona, widoczng gotym okiem luminescencjg.

W celu zbadania wptywu temperatury na wlasciwosci spektroskopowe otrzymanego
nanomateriatu, zarejestrowano widma emisyjne w funkcji rosngcej temperatury. Pomiary
przeprowadzono przy zastosowaniu réznych warto$ci mocy lasera (100, 200 i 300 mW), celem
szczegdtowego zbadania jego wplywu na wlasciwosci termometryczne materiatu. Badania
wykazaty, ze zmiana mocy lasera ma istotny wplyw na bezwzgledng intensywno$¢ pasm
emisyjnych, a takze, w przypadku pasm pochodzacych od poziomoéw nietermalizowanych, na
ich wzgledne intensywnos$ci. Jest to szczegdlnie zauwazalne w przypadku stosunku pasm
Yb3*/Er¥*. Wynika to z faktu, iz pasmo jonéw Yb3* odpowiada przejiciu jednofotonowemu
2Fs;, — 2F72. Zatem nawet przy stosunkowo niskiej mocy lasera (tj. 100 mW) intensywno$¢
tego pasma jest wysoka. Natomiast w przypadku przejs¢ dwufotonowych, pochodzacych od
Er®*, zmiana mocy lasera ma ogromny wplyw na intensywnos¢ tych pasm. W przypadku emisji
upkonwersyjnej wraz z malejaca moca lasera stosunek sygnatu do szumu zmniejsza si¢
znaczaco, a jakos¢ danych wyraznie si¢ pogarsza. Dlatego tez, zmiana mocy lasera wptywa na
wyznaczone parametry termometryczne zwigzane z pasmami nietermalizowanymi, nie wpltywa
natomiast na te pochodzace od poziomoéw sprzezonych termicznie. Dla otrzymanego

nanosensora wyznaczono czulo$¢ bezwzgledng, czuto$¢ wzgledng oraz rozdzielczo$¢
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temperaturowg. Zaobserwowano, ze przy zastosowaniu do ratiometrycznego pomiaru
temperatury pasm pochodzacych od poziomoéw nietermalizowanych, uzyta moc lasera ma
istotny wplyw na wartoSci wczesniej wspomnianych parametréw termometrycznych. Dla
analizowanych stosunkoéw intensywnosci pasm, odpowiadajacych nietermalizowanym
przejsciom jonow Yb3Er®*, najwazniejsze zaobserwowane zmiany, ktore spowodowat wzrost
mocy lasera stanowig: zmniejszenie wartosci rozdzielczosci temperaturowej oraz wzrost
warto$ci czuloéci wzglednej. Maksymalne wartosci czutos$ci wzglednej, zaobserwowane przy
uzyciu mocy lasera 300 mW, wzrosty o ponad 20% wzgledem tych zmierzonych z uzyciem
100 mW, natomiast rozdzielczosci temperaturowe byty okoto 6-7 razy nizsze (dla 300 mw) niz
te, mierzone przy najmniejszej mocy lasera. Wyniki uzyskane w tej publikacji pozwolity
ustali¢, ze w przypadku termometréw luminescencyjnych wykazujacych zjawiska nieliniowe
(np. emisje upkonwersyjng) oraz wykorzystujacych stosunek pasm luminescencyjnych
pochodzacych od przej$¢ o rdznej liczbie fotonéw, zmiana mocy lasera wptywa znaczaco na

wydajnos¢ czujnika.

Wktad wlasny w powstanie pracy: wykonanie syntez, zbadanie wtasciwosci fotofizycznych
otrzymanych materiatbw, wykonanie pomiaréw spektroskopowych w  warunkach
atmosferycznych oraz w warunkach wzrastajacej temperatury, analiza uzyskanych wynikéw,

opracowanie danych, przygotowanie grafik i manuskryptu.
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This work sheds light on the pump power impact on the performance of luminescent thermometers,
which is often underestimated by researchers. An up-converting, inorganic nanoluminophore, YVO4:Yb**,
Er** (nanothermometer) was synthesized using the hydrothermal method and a subsequent calcination.
This nanomaterial appears as a white powder composed of small nanoparticles (20 nm), exhibiting a
very intense, green upconverted luminescence (lex = 975 nm), visible to the naked eye. Its emission spec-
trum consists of four Er** bands (500-850 nm) and one Yb** band (>900 nm). The obtained compound
exhibits temperature-dependent luminescence properties, hence it is used as an optical nanosensor of
temperature. The determined band intensity ratios of the non-thermally coupled levels (non-TCLs) of
Yb**/Er** and thermally coupled levels (TCLs) of Er** are correlated with temperature, and they are used
for ratiometric sensing of temperature. The effects of the pump (NIR laser) power on the luminescence
properties of the material, including band intensity ratios, absolute and relative sensitivities and tempera-
ture resolution are analysed. It was pointed out that the applied laser power has a huge impact on the
values of the aforementioned thermometric parameters, and manipulating the laser power can signifi-
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Introduction

The most commonly developed luminescent sensors of temp-
erature are based on lanthanide (Ln) ions, such as Yb**, Er*",
Tm**, Ho*" and Nd** embedded in various matrices (e.g
Gd,0;, Al,O;, YF;, YVO, and NaYF,)."™ These ions exhibit
unique luminescence properties, e. long luminescence life-
times, narrow emission bands, multi-range emission, as well
as the possibility of various energy migration processes
between co-dopant ions.'*"**

The systems based on up-conversion (two-photon) lumine-
scence are particularly attractive from the point of view of bio-
logical research. They enable excitation of the material in the

Adam Mickiewicz University, Faculty of Chemistry, Department of Rare Earths,
Uniwersytetu Poznanskiego 8, 61-614 Poznan, Poland. E-mail: runowski@amu.edu.pl
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T Electronic supplementary information (ESI) available: Transmission data for
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temperature; non-normalized spectra d at i i pera-
ture; integrated luminescence intensities as a function of temperature; log-log
dependence of the lumi intensity on the laser power; and thermal

cycling experiments. See DOI: 10.1039/d1nr01395¢

This journal is © The Royal Society of Chemistry 2021

cantly improve the performance of optical nanothermometers.

NIR range of the 1st (650-950 nm) or 2nd (1000-1350 nm) bio-
logical window (e.g. by Yb*" excitation)," and detection of emis-
sions in the 1st biological window (e.g. emission of Er’*, Tm*,
Ho®" or Nd*").!"1h1215719 gmjgsion and excitation in the bio-
logical window ranges result in less absorption and scattering of
light by tissues such as skin and blood."**®!%2922 1n contrast,
using conventional luminescence, where excitation often takes
place in the UV or visible spectral range, a significant part of the
radiation may be absorbed/scattered by the surrounding
medium, diminishing excitation effectiveness of the ions
embedded into the structure of such nanothermometers.”*’
However, for temperature nanosensors used in other appli-
cations, e.g. in catalysis and optoelectronics, alike excitation and
emission can take place over the entire spectral range.** >
Optical sensors based on Ln ions usually enable tempera-
ture control based on the analysis of changes in the intensity
ratios of the bands associated with their thermally and non-
thermally coupled levels (TCLs and non-TCLs). In the case of
two thermalized levels, where the energy of these levels does
not differ too much (up to 2000 ecm™), due to additional
thermal energy, the photon may move from the level with
lower energy to the level with higher energy. This will result in
a decrease in the intensity of the lower energy band and the

Nanoscale, 2021,13,14139-14146 | 14139

88



Open Access Article. Published on 22 July 2021. Downloaded on 1/24/2023 4:47:29 PM.

JEEEEE| This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

appearance (or increase in the intensity) of a higher energy band
in the emission spectrum.'*?***2%27 The Boltzmann type sensors
based on the thermalized levels are already well-known, as they
have been extensively investigated in the last decade.'>'**%°
However, there are some recent reports on deviations from the
Boltzmann distribution in TCLs, which are concentration- or
temperature-dependent.*'** On the other hand, luminescent
thermometers based on non-TCLs, which take advantages of
temperature-dependent rates of quenching/energy transfer, are
also becoming more and more popular.****37% It is worth noting
that temperature influences the spectroscopic properties of Ln
ions such as: shortening of emission lifetimes, bandwidths (band
broadening), changes in luminescence intensity ratios, and so
forth,!»!316:1926293231 guch  temperature-dependent properties
can be further used for thermal sensing purposes.

The optimal nanothermometer should show a high relative
sensitivity and good temperature resolution.*'*>*¢ 1t should
be emphasized that the relative sensitivity of the luminescent
thermometers operating with TCLs is intrinsically limited with
the energy difference between these TCLs.”"**** These limit-
ations can be overcome by operating with non-TCLs of the
optically active ions. Sensors showing the best performance
can be successfully used in biological, electronic, engineering
and other industrial processes to control the temperature of
the system, e.g. the rate of catalytic processes or the progress of
the polymerization process,'#2%:23725:37

Here we report the development of a ratiometric, optical
nanothermometer, YVO,:Yb*",Er’* working in a broad spectral
range (VIS-NIR). The nanomaterial synthesized shows green
up-conversion luminescence visible to the naked eye, and
good temperature response (temperature-dependent lumine-
scence). The selected luminescence intensity ratios of the
bands associated with TCLs and non-TCLs of Er** and Yb*" are
used as thermometric parameters. The corresponding absolute
and relative sensitivities, and temperature resolutions are
investigated. A very important and novel aspect of this work is
the demonstration of a strong influence of the applied pump
(laser) power on the values of the mentioned thermometric
parameters, as well as on the thermometer performance.

Experimental

Materials

RE,0; (RE = Y**, Yb*" and Er*") (99.99%, Stanford Materials)
were separately dissolved in HCI (35-38%, pure P.A. - basic,
POCh. S.A.) to obtain the corresponding chlorides RECl;, and
then evaporated to remove the excess acid. The following
reagents were purchased from Sigma-Aldrich: ammonium
metavanadate (ACS reagent, >99.0%) and PEG 6000. Sodium
hydroxide (98.8% pure P.A.) was purchased from POCh. S.A.
Deionized water was used for all experiments.

Synthesis of YVO,:Yb*" Er**

To synthesize 0.5 g of the YVO4:20% Yb*"2% Er’" product,
aqueous solutions of YCl;, YbCl; and ErCl; were mixed

14140 | Nanoscale, 2021,13, 14139-14146
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together in a molar ratio 0.78:0.2:0.02, i.e. 3.478 mL of 0.5 M
YCl;, 0.892 mL of 0.5 M YbCl; and 0.089 mL of 0.5 M ErCl;.
Subsequently, 10 mL of water was admixed to the solution of
Ln’" ions. Next, 0.5 g of PEG 6000 (anti-agglomeration agent)
was added and dissolved in the as-prepared solution. A second
solution was prepared by dissolving 0.2607 g of NH,VO; in
20 mL of water. Aqueous sodium hydroxide solution was
added to the solution of ammonium metavanadate in a molar
ratio of 1:1 (0.0892 g of NaOH in 15 mL of water). These solu-
tions were heated up to 343 K to obtain transparent mixtures.
The solution containing vanadate ions was added dropwise to
the continuously stirred solution of Ln**. Then water (up to
40 mL volume) was added to the obtained solution, and using
1.5 M solution of NaOH, the pH of the system was adjusted to
~10. The entire mixture was then transferred into a Teflon-
lined vessel, and hydrothermally treated in an autoclave (18 h,
453 K). After that, the obtained white precipitate was dispersed
in ethanol and water, and several times centrifuged in order to
purify the final product. The obtained product YVO,:Yb*" Er*"
was dried in an oven at 358 K for 15 h, and subsequently the
sample was ground in an agate mortar. Afterwards, to improve
the crystallinity and luminescence of the material, the sample
was calcined in an oven for 4 h at 673 K. After calcination, the
product was ground in an agate mortar once again.

Characterization

Powder X-ray diffraction pattern (XRD) was measured using a
Bruker AXS D8 Advance diffractometer in Bragg-Brentano geo-
metry, with Cu Ko radiation (4 = 0.15406 nm). Transmission
electron microscopy (TEM) image was taken using a Hitachi
HT7700 transmission electron microscope (100 kV accelerating
voltage). Emission spectra were measured using an Andor
Shamrock 500i spectrograph coupled with a silicon iDus CCD
camera as a detector. The sample was excited using a fiber-
coupled, solid-state diode pumped (SSDP) laser FC-975-2 W
(CNI). The laser power used was adjusted to 100, 200 and
300 mW (~1 mm spot size), which correspond to the power
densities of about 12.7, 25.4 and 38.2 W cm ™2 Before the
luminescence measurements, the laser power was set low
enough to avoid an uncontrolled increase in the sample temp-
erature by local heating of the material with the laser beam
(when the intensity ratio of the Er** TCL bands remained con-
stant, the laser-induced heating effect did not occur).

Results and discussion
Structure and morphology

The recorded XRD pattern of the obtained YVO,:Yb®' Er’*
nanomaterial (Fig. 1a) agrees with the reference pattern from
the ICDD database (International Centre for Diffraction Data,
card no. 01-082-1968) of tetragonal YVO,, crystallizing in the
I41/amd space group. The significant broadening of the
observed reflexes is associated with the nanocrystallinity of the
obtained particles. The TEM image (Fig. 1b) shows that the
obtained nanomaterial is composed of irregular agglomerated

This journal is © The Royal Society of Chemistry 2021
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nanoparticles (NPs), and their average size (long diameter) is
about 20 + 6 nm (Fig. 1c).

Luminescence properties

The emission spectrum was recorded in the range of
500-960 nm (Fig. 1d; 4 = 975 nm). The nanomaterial pre-
pared shows a very intense green up-conversion (anti-Stokes)
luminescence, visible to the naked eye. The emission spectrum
consists of 4 narrow, sharp bands from Er*": *Hyy, — “Ij5
(532 nm), *S3, = ‘L5, (550 nm), *Fo, = *Iy5/, (664 nm) and
Mo, = "T15/, (805 nm) associated with their 4f-4f radiative tran-
sitions, and one band derived from Yb*": *F;, — ’F,
(940 nm), which is partially cut off by the filter used during
the measurements (short pass 950 nm). Please note that the
filter used has a negligible effect on the rate of change of the
relative intensity ratios of the Yb?'/Er’" bands as a function of
temperature.”' The optical characteristics of the 950 nm short
pass filter is included in the ESI (Fig. S1f). The Er’" bands
located around 664 and 805 nm, as well as the Yb®" band
located around 940 nm are in the 1st biological window spec-
tral range. This is very important for the application of a lumi-
nescent nanothermometer in biological research. Fig. 2 shows

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Powder XRD pattern of YVO,:Yb** Er®*; (b) TEM image of the obtained nanomaterial and (c) the corresponding size distribution histogram;
and (d) emission spectrum of the obtained product recorded at /e, = 975 nm and pump power 300 mW.

the energy level diagram for the obtained nanomaterial (YVO,:
Yb**Er*"), taking into account the main energy transfer pro-
cesses, up-conversion luminescence and thermalization of
states.

In order to investigate the influence of temperature on the
spectroscopic properties of the obtained nanomaterial, its
emission spectra were collected as a function of increasing
temperature, in the range of 293-453 K (Fig. 3; Aex = 975 nm).
The measurements were carried out using different values of
the laser power (100, 200 and 300 mW), in order to investigate
the effect of the pump power on the thermometric properties
of the material, i.e. performance of the luminescent thermo-
meter. As the temperature increases, a significant decrease in
the intensity of the band located around 550 nm (Er*: *S;, —
“I5/) is observed, as a result of thermal quenching and ther-
malization processes. Intensity of the Er’" bands located
around 532, 664 and 805 nm negligibly change or slightly
increase with increasing temperature. These effects can be
clearly seen in the non-normalized spectra (Fig. S21) and in
the plots presenting the integrated up-conversion lumine-
scence intensities as a function of temperature (Fig. S3t). The
Er*" bands located around 532 and 550 nm (*Hy;,, = *I;5,, and
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S5, — "I;55) are thermally coupled, and the energy difference tive increase of the 532 nm band intensity, with respect to the
between these levels is approximately 603 cm™ (derived from 550 nm band, is due to the thermalization processes between
the Boltzmann distribution). This is why, the significant, rela- the TCLs of Er*' (*Hy;;, and “S;,), which can be clearly
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observed in the normalized spectra (Fig. S4t). These thermaliz-
ation processes conform the Boltzmann-type distribution:

LR=2—pex AE
T P ksT

where LIR is the luminescence intensity ratio of the higher
energy (I,; 532 nm) and lower energy (7;; 550 nm) bands; AE is
the energy separation between the barycenters I, and I;; kg is
the Boltzmann constant; 7' is the absolute temperature; and B
is a constant, which depends on the rates of total spontaneous
emission, state degeneracies, the branching ratio of the tran-
sitions with respect to the ground state, and transition angular
frequencies.’® At the same time, the intensity of the Yb*" band
around 940 nm (Yb*": *F5/, — *F,) increases with temperature
elevation. This is because the band originates from the
phonon-assisted transition of Yb®*, which may be enhanced
with temperature.®*"**

It should be emphasized that the changes in the pump
(laser) power have a significant impact on the absolute inten-
sity of the emission bands, as well as their relative intensities
(in the case of the non-TCL ones), especially for the lumine-
scence intensity ratios of Yb?'/Er**. The band around 940 nm
corresponds to the one-photon transition *Fs, — *F, (see
Fig. S5,1 showing the determined number of photons partici-
pating in the observed transitions), ie. conventional down-
shifting emission. So, even at a relatively low laser power (i.e.
100 mW), this transition is intense and clearly visible. On the
other hand, in the case of the two-photon transitions coming
from Er’* (non-linear, up-conversion luminescence; Fig. S51),
the change of the laser power has a huge impact on the inten-
sity of these bands. Together with decreasing laser power, the
signal-to-noise ratio decreases significantly for the up-conver-
sion emission, and the data quality deteriorates markedly.
This is why, the change of the pump power influences the
determined thermometric parameters associated with non-
TCLs, i.e. LIRs of Yb*'/Er**, but it does not affect Er** TCLs, i.e.
LIR 532/550 nm. The LIR values for Er** TCLs, i.e. 532/550 nm,
were correlated with temperature applying eqn (1) (Fig. 4),
whereas the LIRs corresponding to the non-TCLs, i.e. 940/550
and 940/805 nm, were successfully correlated with temperature
applying second-order polynomial fits (Fig. 5 and 6). In each
case, the LIR parameter increases monotonously with increas-
ing temperature. The use of simple polynomial fits
(empirical functions) was motivated by the absence of an
appropriate physical model, rationalizing the monitored
changes of the LIR parameters (non-TCLs) with temperature.
Details for all fits, ie. values of the fitting parameters, are
given in Table 1.

In order to investigate the performance of any nanotherm-
ometer, it is necessary to determine parameters such as: absol-
ute sensitivity, relative sensitivity and temperature resolution.
The absolute sensitivity (S,) was calculated based on eqn (2).
This parameter is usually expressed in K.

(1)

_dLIR

Sa= ar (2)
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Fig. 4 Luminescence intensity ratios, the corresponding absolute sen-
sitivity (Sa), relative sensitivity (Sg) and temperature resolution (5T) deter-
mined for Er** TCLs (532/550 nm), for the synthesized YVO,:Yb®*Er**
NPs, measured with laser power 300 mW; Aex = 975 nm.

Another very important parameter is the relative tempera-
ture sensitivity (Sg; eqn (3)).

dLIR 1

Sp = 100% x ——
R ¢ 74T LIR

(3)
This parameter, i.e. Sg, shows how the analyzed thermo-
metric parameter (LIR) changes per 1 K (expressed in % K™*),
and it can be used to compare the performance of different
optical thermometers.
Based on eqn (4), the temperature resolutions (87) were
also determined.

1 SLIR
T=—— (4)
Sg LIR
We have added a more detailed explanation of the tempera-
ture resolution parameter 87, and have provided derivation of
the corresponding equation in the ESIf file. It is worth men-
tioning that SLIR is the uncertainty of the LIR parameter deter-
mination, which is calculated from eqn (5).

NHANNIAS
SLIR=LIR x {/ [ —) +(—
I I

where 81, , are the intensities of the noise (baseline fluctu-
ations) and I, , are the signal (band) intensities. The deter-
mined S, Sg and 87 as function of temperature, together with
the corresponding LIR values are compared in Fig. 4-6 (Er*"
TCL 532/550 nm - Fig. 4; Yb*"/Er*" non-TCLs 940/550 nm and
940/805 nm - Fig. 5 and 6, respectively). Please note that the
LIR, S, and Sy parameters for the TCLs of Er’" are indepen-
dent (constant) of the pump power used, so Fig. 4 shows the
results only for the highest applied laser power, i.e. 300 mW

(5)
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(the maximum power at which we did not observe laser- different values of the laser power, i.e. 100, 200 and 300 mW,
induced heating of the sample). On the other hand, Fig. 5 and because in this case all measured parameters depend on the
6 show the data for the non-TCLs of Yb*'/Er*', for three pump power used.
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Table 1 Comparison of the determined Sg max and 8T for different laser power values and the corresponding LIR

LIR (nm)  Transitions R? Equation Laser power (MW) Sk max (%K') 8T (K)

532/550 Er':2Hyyp = Mis/Br ' 83, = s, 0.998  1.74 exp (—603.2/ksT) 300 0.80 2.69

940/550 Yb?': 2F5), = 2Fyp/Er: 4S5, = Lisp 0.999  6.86 x 10 °T> — 3.60T + 522.8 100 0.95 1.85
0.998 200 1.10 0.57
0.999 300 1.16 0.25

940/805 Yb*(Fsjp = 2Fyp)/Er*": *Ig) = Lis)n 0.991 —6.77x107'T*+0.99 T—170.13 100 0.78 3.75
0.996 200 0.95 1.22
0.997 300 1.00 0.60

As mentioned above and clearly seen in Fig. 5 and 6, the
applied laser power has a significant influence on the values
of the band intensity ratios, temperature sensitivities and res-
olutions, when using the LIRs of the non-TCLs as thermo-
metric parameters. For the analyzed band intensity ratios, i.e.
940/550 and 940/805 nm, corresponding to the non-TCLs of
Yb*'/Er*", the increase in the laser power results in decreasing
LIR, S, and 87, and increasing Sk values. The most important
of these are the increase of the relative sensitivity (higher Sg)
and the improvement of temperature resolution (lower 87T).
Together with increasing laser power from 100 to 300 mW, the
maximal relative sensitivity (Sg max) values increase from 0.78
to 1.00 for the LIR 940/805 nm and from 0.95 to 1.16 for the
LIR 940/550 nm. In contrast, the temperature resolutions
(which depend on signal intensity and Sy value) are about 6-7
times better than those at 100 mW, e.g. 8T decrease from 3.75
to 0.60 for the LIR 940/805 nm and from 1.85 to 0.25 for the
LIR 940/550 nm. It is worth noting that the resulting tempera-
ture sensitivities and resolutions corresponding to Er’* TCLs
(532/550 nm), determined at the highest applied laser power
(300 mW), are worse than the ones for Yb*'/Er** non-TCLs (see
Table 1).

Conclusions

In this paper, we demonstrate how the applied laser power
may influence the thermometric parameters and sensing per-
formance, which are crucial for luminescence thermometry
applications. The developed nanothermometer is based on the
YVO,:Yb* Er** NPs (~20 nm), synthesized using the hydro-
thermal method and subsequent calcination. The nano-
material shows green up-conversion (anti-Stokes) lumine-
scence of Er*', clearly visible to the naked eye, under NIR laser
excitation, at 975 nm. The temperature experiments were
carried out in the range of 293-453 K, using different values of
the laser power, namely 100, 200 and 300 mW. As the tempera-
ture increases, the intensity of the band derived from Er** ions
located around 550 nm ('S3, — 'I;5,) decreases significantly,
whereas the intensity of the Yb®" band >900 nm (*F5/, — *F5,)
increases with temperature elevation. Hence, as thermometric
parameters we used and compared the LIR of Er*" (532/
550 nm) and the LIRs of the mentioned Yb*'/Er** (940/550 and
940/805 nm) bands, corresponding to their TCLs and non-
TCLs. It was observed that using non-TCLs for ratiometric

This journal is © The Royal Society of Chemistry 2021

temperature sensing, the selected pump (laser) power has a
significant impact on the values of the corresponding thermo-
metric parameters, as well as on the determined sensitivities
and resolutions (S increases and 8T decreases with increasing
laser power). In other words, in the case of luminescent
thermometers exhibiting non-linear phenomena (e.g. up-con-
version emission), and using the LIR of the bands originating
from the transitions with a different number of photons parti-
cipating in the relevant radiative processes, change of the laser
power may significantly affect the determined thermometric
parameter values, and performance of the sensor.
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Figure S1. Transmission data for the optical filter used, i.e. short-pass 950 nm.
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According to Brites et al. (C. D. S. Brites, A. Millan and L. D. Carlos. Lanthanides in
Luminescent Thermometry, in Handbook on the Physics and Chemistry of Rare Earths, 2016,
vol. 49, pp. 339-427) temperature resolution 67 (also known as temperature uncertainty) is the
smallest change of temperature that gives a detectable change of the measured signal
(spectroscopic parameter). Due to the fact that temperature resolution parameter, 67 is
exclusively associated with changes in LIR values, temperature uncertainty can be expressed
by the Taylor’s series expansion of the temperature variation with LIR, namely:

19"F
n!dLIR™

_ar 19%T
oT = méLIR t 2oLirz

(SLIR)? + -+ +

(SLIR)" !

where SLIR is the uncertainty in the determination of luminescence intensity ratio (LIR).
Assuming the expansion in 7'is dominated by the first part of the Eq. 1 (Baker, S.N., McCleskey,
T.M., Baker, G.A., 2005. An ionic liquid-based optical thermometer. lonic liquids IIIB:
Fundamentals, Progress, Challenges and Opportunities, vol. 902. American Chemical Society,

Washington, DC171 — 181, Chapter 14), it can be expressed in terms of relative sensitivity (S,):

1 SLIR
6T = Y 2)

Please note, that 7 depends on two factors, namely: I) the performance of the thermometer,
expressed as the relative sensitivity; and II) the experimental setup (that obviously limits
SLIR/LIR).
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Optyczny, upkonwersyjny sensor temperatury oparty o wiékna celulozowe
modyfikowane nanoczastkami YF3:Yb*, Er®*

Czujniki temperatury wystepujace w formie urzgdzen osobistych (do noszenia na ciele,
eng. wearale devices) mogg znalez¢ zastosowanie w monitorowaniu ludzkiego zdrowia. Daja
one mozliwo$¢ wyginania lub zwijania w pozadane ksztalty, co znacznie zmniejsza rozmiary
urzadzen i czyni ich masowg produkcj¢ bardziej ekonomiczng. Z tego tez wzgledu, kolejng
pracag badawcza wiaczong w zakres niniejszej dysertacji doktorskiej jest artykut (P4) pt.:
,»Ratiometric Upconversion Temperature Sensor Based on Cellulose Fibers Modified with
Yttrium Fluoride Nanoparticle”. Publikacja ta jest studium nad otrzymaniem czujnika

temperatury opartego o wldkna celulozowe.

W pracy podj¢to badania nad czujnikiem opartym o celulozg, poniewaz ten naturalny
biopolimer wykazuje szereg zalet jak: dostgpno$¢, biodegradowalno$é oraz tatwosc jej
przetwarzania 1 modyfikacji. Sensor zostal wytworzony poprzez wprowadzenie nanoczastek
fluorkowych YFs: Y%, Er¥* do wiokien celulozowych w trakcie ich formowania w tzw.
procesie Lyocell, z wykorzystaniem N-tlenku N-metylomorfoliny jako bezposredniego
rozpuszczalnika celulozy. Nanoczastki YFs: Yb®", Er¥* zostaly otrzymane zgodnie z procedurg
opisang w pracy pt. ,,Jmproving temperature resolution of luminescent nanothermometers in the
NIR range, using non-thermally coupled levels of Yb** & Tm®"”, przy uwzglednieniu opisanej
w czesci eksperymentalnej, zamianie jonow Tm®* na jony Er®* Produkt zostat
scharakteryzowany metoda proszkowej rentgenografii strukturalnej (XRD), wykazujac czysta
strukturg ortorombiczng (Rysunek 1b). Analiza ta potwierdzitg takze obecnos¢ YFz w matrycy
wtokien celulozowych. Nanometeryczny rozmiar czastek modyfikatora, zapewnil ich
jednorodne rozmieszczenie w obrgbie matrycy celulozowej, co potwierdzily pomiary z

wykorzystaniem skaningowej mikroskopii elektronowej (Rysunek 2).

Zsyntetyzowany material, przy wzbudzeniu laserowym Zlex = 975 nm, wykazywat
intensywng, widoczng gotym okiem, zielong luminescencj¢ upkonwersyjng. W celu zbadania
wlasciwosci termometrycznych otrzymanych wtokien, zarejestrowano ich widma emisyjne w
funkcji temperatury, w zakresie ~300-360 K (Jex = 975 nm). Uwage skoncentrowano na
zmianach intensywnosci pasm pochodzacych od sprzg¢zonych termicznie pozioméw jondw
Er**, zlokalizowanych na widmie emisyjnym przy 525 nm oraz 550 nm. Na podstawie
oszacowanego stosunku pasm luminescencyjnych (LIR) wyznaczono wartoSci czutoSci

wzglednej (Sr) widkien modyfikowanych nanoczastkami YFs, otrzymujgc warto$¢ 1,23% Kt
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w temperaturze 298 K. Stanowi ona najlepsza, z dotychczas znanych literaturowo, warto$¢ tego
parametru otrzymanego dla stosunku pasm jonéw Er**: 525/550 nm. Obliczona rozdzielczo$é
temperaturowa wynosi 0,09 K w temperaturze 298 K i wzrasta do 0,24 K w temperaturze 362
K. W pracy udowodniono mozliwos$¢ zastosowania modyfikowanych wtokien jako czujnika
temperatury. Z wytworzonych widkien celulozowych zostata utkana dzianina, nast¢pnie
umieszczona na przedramieniu czlowieka i poddana dziataniu lasera (dex = 975 nm) w celu
zarejestrowania widma emisji. Na podstawie uzyskanej wartosci LIR oszacowano temperaturg
skory przedramienia na warto$¢ 35,3°C, co byto w bardzo dobrej zgodnosci z wartoscia

temperatury zmierzong tradycyjnym termometrem.

Przeprowadzone w pracy badania potwierdzily skutecznos$¢ otrzymania elastycznego
czujnika temperatury opartego o modyfikowane wtdkna celulozowe. Ponadto, zasada dziatania
opracowanego czujnika oparta jest na pomiarze widm emisyjnych, a sam czujnik jest odporny

na zaktocenia elektromagnetyczne, poniewaz nie przewodzi pradu.

Wktad wlasny w powstanie pracy: wykonanie pomiaréw spektroskopowych w warunkach
atmosferycznych oraz w warunkach wzrastajacej temperatury, analiza otrzymanych danych,

przygotowanie grafik.
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Abstract: In this study, an optical thermometer based on regenerated cellulose fibers modified with
YF3: 20% Yb%*, 2% Er®* nanoparticles was developed. The presented sensor was fabricated by intro-
ducing YF; nanoparticles into cellulose fibers during their formation by the so-called Lyocell process
using N-methylmorpholine N-oxide as a direct solvent of cellulose. Under near-infrared excitation,
the applied nanoparticles exhibited thermosensitive upconversion emission, which originated from
the thermally coupled levels of Er3* ions. The combination of cellulose fibers with upconversion
nanoparticles resulted in a flexible thermometer that is resistant to environmental and electromagnetic
interferences and allows precise and repeatable temperature measurements in the range of 298-362 K.
The obtained fibers were used to produce a fabric that was successfully applied to determine human
skin temperature, demonstrating its application potential in the field of wearable health monitoring
devices and providing a promising alternative to thermometers based on conductive materials that
are sensitive to electromagnetic fields.

Keywords: ratiometric temperature sensor; multifunctional cellulose fibers; wearable sensor; lan-
thanide ions

1. Introduction

Flexible sensors have recently attracted the interest of researchers, especially in the
area of wearable devices, due to their ability to be conformed, bent, or rolled into the
desired shapes, which greatly reduces the size of the device and makes mass production
more economical. Sensors based on cellulose, which is a well-known natural biopoly-
mer, are of particular interest [1-5]. The main advantages of cellulose are its availability,
biodegradability, and low price [4-8]. Another merit of cellulose is that it is relatively easy
to process and has a high modification potential, allowing cellulose and its derivatives
(film, fibers, or papers) to be endowed with new features (e.g., antibacterial, catalytic
conductive, luminescent, plasmonic) [9-12]. This type of modified cellulosic material can
be successfully used for the production of flexible wearable sensors for human health
monitoring devices, as they combine the characteristics of the modifier with the flexibility,
air, and moisture permeability of cellulose, which ensure high comfort of use of the sensor.
Furthermore, cellulose (in the form of regenerated fibers) is one of the basic materials used
in the textile industry, which significantly increases the applicability of cellulose-based
sensors in wearable health monitoring devices.
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One of the most important physiological parameters where monitoring is essential
in wearable health monitoring devices is temperature [6,13]. Conventional methods of
temperature determination such as volume expansion thermometers, thermocouples, or
thermistors are often insufficient, because there is a need for fast, remote, and real-time
measurements that provide high spatial and temperature resolution [6,14,15]. Additionally,
in many cases (for example, in magnetic resonance imaging (MRI)), any electromagnetic
interferences (EMI) or galvanic connections are highly undesirable, and thus other non-
electrical methods of temperature measurement are sought [6,16-18]. Therefore, optical
temperature sensors (e.g., based on fiber Bragg gratings, interferometers, thermography,
Raman scattering, or luminescence) have become increasingly popular in the past few years
because they meet the above requirements for temperature measurement [16-21].

There are a vast number of articles on flexible sensors based on cellulose and conduc-
tive materials (metal nanoparticles, carbon nanotubes, graphene oxide, or polypyrrole)
used for temperature determination [4,5,22]; however, they show disadvantages that are
characteristic of the electronic thermometers mentioned earlier. Therefore, developing a
cellulose-based sensor that exploits optical phenomena to determine temperature remains
an urgent and challenging task. This type of thermometer, due to its small size, light weight,
flexibility, resistance to EMI, and electrical safety has the potential to be used in the design
of wearable devices for human health monitoring.

Among the various optical methods used to determine temperature, luminescence
thermometry appears to be a very promising alternative [23-28]. Temperature sensors
based on the phenomenon of luminescence exploit temperature-induced changes in the
spectroscopic properties of phosphors, for instance: changes in the intensity or width of
emission bands, the appearance of new bands in the emission spectrum, shortening of
emission lifetimes, changes in the luminescence (fluorescence) intensity ratio—LIR (FIR) of
two bands, spectral shifts in absorption/emission bands, and different efficiency of energy
and charge transfer processes [23,24]. One of the key advantages of luminescence-based
methods is their resistance to the aforementioned EMI, as they rely on measuring the
emission spectrum of a previously excited sample rather than measuring the conductivity
(or resistivity) of the material [29,30]. Typically, luminescence-based temperature sensors
use the LIR method for temperature determination [24,25]. These luminescent thermome-
ters can be classified according to different standards, such as the energy conversion path
(down-conversion or up-conversion), size (nano or micro), type of dopant ions (lanthanides
or d-block metal ions), or number of emission centers (single or dual emission centers). Very
popular types of LIR-based thermometers are those based on lanthanide ions (especially
single-emission-centers type), due to their narrow emission bands derived from 4f-4f transi-
tions and their high luminescence efficiency over a wide temperature range [31]. Changes
in the emission spectrum of lanthanide ions with increasing temperature are, among others,
associated with the thermally coupled levels (TCLs) of lanthanide ions (e.g., Pr3*, Nd3+,
Ho’*, Er**, Tm3*) with an energy difference in the range 200 < AE < 2000 cm~1 [23,32-34].
Due to the thermalization processes, some TCLs related to 4f-4f radiative transitions are
thermally populated (or depopulated), which results in an increase (or decrease) in their
intensity. The obtained intensities of the populated (depopulated) radiative transitions are
used to calculate the LIR of the emission bands corresponding to these transitions. As the
temperature is determined based on the ratio of the intensity of the emission bands, this
method is highly robust to environmental interferences such as fluctuations in pumping
intensity or spectrum loss [35]. However, to the best of our knowledge, there are no studies
showing that a cellulose-based sensor using luminescent thermometry to determine tem-
perature can be used in the area of health monitoring devices. Therefore, in this research,
we focus on the development of a new-generation innovative flexible optical temperature
sensor based on regenerated cellulose fibers.

The research carried out in this work allowed us to verify the research hypotheses
concerning: (i) modification of cellulose fibers with appropriate luminescence upconversion
nanoparticles (NPs) in order to obtain an optical sensor using the luminescence intensity
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ratio method to determine the temperature; (ii) demonstrating that the optical sensor based
on cellulose composite fibers with upconversion NPs has a higher sensitivity and better
temperature resolution than other types of cellulose-based temperature sensors presented
in the literature so far, and is resistant to EMI; (iii) showing that the obtained cellulose-based
composite fibers can be used to produce a wearable sensor to monitor the temperature of
the human body.

To prove the validity of these hypotheses, cellulose fibers were prepared according
to the dry-wet spinning process, which allows the incorporation of NPs of the modifier
into the internal structure of cellulose fibers. This ensures the durability of the prepared
fibers during washing, as shown in our previous research [10]. Yttrium fluoride NPs doped
with 20% (molar ratio) ytterbium and 2% erbium (YF3: 20% Yb®*, 2% Er’*) were used
as thermosensitive upconversion NPs that show bright green emission in near-infrared
(NIR) laser excitation. The selection of the YF3: Yb3*, Er®* system was motivated by
two factors: (i) YF3 was chosen as the host matrix, because it shows a low phonon energy
(~350 cm~!) and wide band gap, which limits multiphonon-quenching processes, which are
undesirable in luminescent systems [36-39]; (ii) Er®* ions were selected as activator ions due
to their intense green emissions and appropriate energy gap (800 cm ') between two TCLs,
while Yb3* ions were used as sensitizer ions, due to their high absorption cross-section in
the NIR range (in contrast to Er** ions) and good match of energy levels with Er®* ions,
which ensure efficient energy transfer upconversion (ETU) processes [36,38]. Upconverting
NPs were responsible for providing a remote ratiometric temperature reading, while the
cellulose fiber served as a flexible platform for these NPs. Then, the influence of the
temperature in the range of 298-358 K (25-85 °C) on the spectroscopic properties (including
the luminescence intensity ratio (LIR), relative sensitivity, and temperature resolution) of the
obtained composite fibers was investigated. Moreover, the resulting composite fibers were
processed into a knitted fabric that was tested for use as a wearable temperature sensor.

2. Materials and Methods
2.1. Materials

Rare-earth (RE) oxides (RE = Y3*, Yb?*, and Er**) (99.99%, Stanford Materials, Stanford,
CA, USA) were dissolved separately in nitric acid (HNOj; 65%, ultrapure, POCh. S.A.,
Gliwice, Poland) to synthesize corresponding RE nitrates. Afterward, the excess of acid
was removed by evaporation. Ammonium fluoride (NH4F; >98 pure p.a., POCh. S.A,,
GliwicePoland) and PEG 6000 (Sigma-Aldrich, Darmstadt, Germany) were used as received,
without further purification. Deionized water was used in all experiments. PLACETAE
pulp (polymerization degree DP = 1250, 96.8 wt.% of « cellulose from Rayonier (Wildlight,
FL, USA) and a 50% aqueous solution of N-methylmorpholine N-oxide-NMMO (from
Huntsman Holland BV, Rotterdam, The Netherlands) were used to prepare cellulose
solution. Propyl ester of gallic acid-Tenox PG® (purchased from Aldrich, Gillingham,
Dorset, UK) was used as an antioxidant to stabilize the molecular weight.

2.2. Instrumentations

The cellulose solution was made using a laboratory-scale IKAVISC kneader type MKD
0.6-H60 (Monachium, Germany). The fibers were spun using the dry-wet spinning method
on a laboratory-scale piston-spinning device with a spinneret equipped with 18 orifices of
0.4 mm diameter. The powder X-ray diffraction pattern (XRD) was measured with a Bruker
AXS D8 Advance diffractometer (Billerica, MA, USA) in Bragg-Brentano geometry, using
Cu Kal radiation (A = 1.5406 A). Transmission electron microscopy (TEM) observations
were carried using a Hitachi HT7700 microscope (Tokyo, Japan), applying an acceleration
voltage of 100 kV. The FEI Quanta 250 FEG scanning electron microscope equipped with
an EDAX detector was used to acquire scanning electron microscopy and EDX images.
The mechanical properties of the fibers were measured using a Zwick Z2.5/TN1S tensile
testing machine (Ulm, Germany), according to PN-EN ISO 5079:1999. The linear density of
the fibers was measured in accordance with PN-EN ISO 1973:1995. The knitted fabric was
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made on a circular machine characterized by the following technical parameters: cylinder
diameter = 4 inches, needle gauge = E14, number of needles = 169. For the knitted fabric
produced as part of this work, the following parameters were determined: the number of
wales and courses per unit of length according to the standard EN 14971:2006, thickness
according to the standard EN ISO 5084:1996, and mass per unit area according to the
standard PN-P-04613:1997. The content of the modifier in the cellulose fibers was analyzed
by an inductively coupled plasma optical emission spectrometer (ICP-OES Spectro Blue
TI, Kleve, Germany). Emission spectra were collected with an Andor Shamrock 500i
spectrometer (Belfast, UK) connected to the Peltier-cooled Andor Indus (silicon) CCD
camera. The sample was excited by the use of a fiber-coupled, solid-state diode-pumped
(SSDP) laser FC-975-2W (CNI, Changchun,, China). In the case of measurements involving
YF;-modified fibers, the laser beam was focused to about a 0.5 mm spot size and the applied
power was adjusted to 0.70 W, which corresponds to a power density of about 360 W /cm?.
Before acquiring the thermometric experiments, a sufficiently low power of the laser was
adjusted to avoid an uncontrolled increase in temperature of the sample, by heating the
material with a focused laser beam (the effect of laser-induced heating does not occur when
the band intensity ratio associated with the Er3* thermalized levels remains constant). In
the case of measurement performed with the use of knitted fabric, the laser beam was
focused to an approximately 4 mm size beam spot, and the applied power was adjusted
to 0.5 W, which corresponds to a power density of about 4 W/cm?2. The power density in
the applied range (from ~4 to 360 W/cm?) enables measurements without heating of the
sample and does not influence the temperature sensitivity of the thermometer (because the
laser power does not influence the LIR of the bands that are associated with TCLs [27]).

2.3. Synthesis of Upconversion Modifier

YF3 NPs doped with 20 mol% Yb3* and 2 mol% Er** were synthesized following our
previously reported procedure [27]. To prepare 0.5 g of product, 4.75 mL of 0.5 M YCl3 and
1.22 mL of 0.5 M YbCl3 were mixed with 1.22 mL of 0.05 M ErCls aqueous solutions and
filled up to 25 mL with water. Next, 25 mL of ethanol was added to the solution of RE3*
ions and 0.3 g of PEG 6000 (anti-agglomeration agent,) was dissolved in the as-obtained
solution. The solution containing the source of fluoride ions was obtained by dissolving
1.5035 g of NH4F (50% molar excess) and 0.25 g of PEG 6000 in 25 mL of water and ethanol
in a 12.5/12.5 solvent system. Both solutions were heated up to 323 K. Afterward, the
RE®* solution was added drop by drop to continuously stir and heat the solution of NHyF
to precipitate the lanthanide salt. After the addition, the solutions were stirred for 1 h
at 323 K. The pH of the final mixture was adjusted to 2. The as-prepared transparent
solution was transferred into a 50 mL Teflon-lined vessel and hydrothermally treated for
16 h at 453 K. After completion of the reaction, the resulting white precipitate was purified
by centrifugation and rinsed several times with water and ethanol. The final product
(YF3: Yb**, Er®*) was dried overnight in an oven (358 K), and after that, the sample was
ground in an agate mortar. In the next step, it was calcined in a furnace for 4 h at 573 K, in
order to improve the crystallinity and luminescence of the material. The sample was then
ground again in an agate mortar and dispersed in water.

2.4. Preparation of Cellulose Fibers

A cellulose solution (spinning dope) was prepared by mixing cellulose pulp, aqueous
solution of NMMO, antioxidant, and the upconversion modifier in a kneader equipped
with a heating system. An aqueous colloidal solution of YF3: 20% Yb%*, 2% Er3* was
added to reach a concentration of about 3.5 wt.% in the final (dry) cellulose fibers. The
cellulose was dissolved under low-pressure (=20 hPa), at temperature not exceeding 115 °C
(388 K). During the process, water was removed until its contents in the mixture did not
exceed 14 wt.%. The obtained amber-like colored spinning dope was placed into a cylinder
(pre-heated to a temperature not exceeding 115 °C (388 K)) and pressed through nozzle
holes and the air gap, and it was finally immersed in an aqueous solidifying bath at 20 °C
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(293 K). The fibers were spun at a take-up speed of 50 m/min, washed, and dried at room
temperature. A scheme of the formation of modified cellulose fibers is shown in Figure 1a.
The obtained fibers (yarn) were used to produce a single jersey knitted fabric. The stitch of
the knitted fabric is shown in Figure S1.
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Figure 1. (a) Scheme of the formation of the upconversion cellulose fibers; (b) powder XRD patterns
of modifier NPs, and modified and unmodified cellulose fibers; (¢c) TEM image of YF3 NPs; inset
shows size distribution of NPs.

3. Results
3.1. Structure and Morphology

The synthesized YF3 NPs working as a modifier of the fibers show a pure orthorhombic
structure matching the reference pattern no. 01-074-0911 from the International Center
for Diffraction Data (Figure 1b). The absence of additional XRD lines indicates a pure
structure without any impurities. The observed broadening of the reflexes of YF; results
from the nanocrystallinity of the obtained particles. The XRD pattern of the modified fibers
also confirms the presence of YFj3 in the fibers matrix. The very low intensity of reflexes
associated with YFj3 in the cellulose matrix is due to the low content of the modifier NPs
in the fibers (=3.5 wt.%). An additional small peak at 20 values of ~12.3° and an intense
broad peak at 26~20.3° observed in the XRD of modified fibers correspond to the (hkl 110)
and (020) planes of cellulose II [40-42].

According to the TEM analysis (Figure 1c), the modifier NPs are in the form of nearly
spherical, agglomerated nanoparticles. The average grain size of YF3 NPs, calculated
based on TEM images, is 50 + 14 nm (Figure lc inset). DLS measurements show that
the hydrodynamic diameter of YF3 NPs (in the form of an aqueous colloid) is in the size
range 100-220 nm (Figure S2, ESIt). These two analyses show that YF3 NPs are present in
water as agglomerates of approximately 2-5 NPs, which indicates that they are suitable for
modifying cellulose fibers (as their size is far below the diameter of the fibers).
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Such a morphology of the obtained NPs ensures their homogenous distribution within
the cellulose matrix, which is confirmed by SEM measurements. The SEM images presented
in Figure 2a,b show that YF3 NPs (white spots) are uniformly distributed on the surface and
in the volume of the fibers, and they do not destroy the final form of the fiber. SEM-EDX
mapping (Figure 2c—f) and EDX spectra (Figure S3, ESIt) further prove the presence of
elements occurring in the modifier (Y, F, Yb, and Er) within the polymer matrix. These
results indicate that YF3 NPs are suitable for the modification of cellulose fibers from a
technological point of view.

Figure 2. SEM-EDX analysis: (a) SEM images of the fibers surface and (b) cross-section; (c) EDX-
mapping of yttrium, (d) fluoride, (e) ytterbium, and (f) erbium; inset presents the field of view.

3.2. Mechanical Properties

In addition, the mechanical properties of YF3-modified fibers (linear density, elastic
modulus, tenacity, and elongation at break) are determined and compared with those of
unmodified fibers to evaluate the effect of NPs on fiber performance. The results presented
in Table 1 show that the tenacity and elongation at break of the YF3-modified fibers are
slightly reduced, which may stem from the partial loss of elasticity caused by the presence of
the inorganic modifier. This is plausibly associated with an increase in the elastic modulus
and a decrease in elongation at break. As expected, the linear density increases with the
addition of YF3 NPs. It should be emphasized, however, that despite the partial weakening
of the mechanical performance of the YF3-modified fibers, they are still strong enough to be
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processed into a knitted fabric. Furthermore, the basic structural and physical parameters
of the obtained knitted fabric are determined and presented in Table S1, (see ESIt).

Table 1. Mechanical properties of the fibers.

Unmodified Cellulose YF3-Modified Cellulose
Fibers Fibers
Elastic modulus [cN/tex] 1218 1519
Tenacity [cN/tex] 28.7 26.2
Elongation at break [%] 94 8.0
Linear density [tex] 0.3264 1.450

3.3. Luminescence Properties

The spectroscopic properties of the fibers modified with YF3: Yb%*, Er** NPs are
analyzed based on the upconversion (UC) emission spectra, recorded at Aex = 975 nm. In
this system, Yb>* ions act as sensitizers (light-harvesting ions), which absorb near-infrared
(NIR) energy and transfer it to the nearest emitting Er’* activator ions via the energy
transfer upconversion (ETU) mechanism (Figure 3a). The emission spectra of the modified
fibers shown in Figure 3b consist of three characteristic, narrow bands from Er** associated
with their 4f-4f radiative transitions, i.e., 2Hj1 ;,—4115/ (525 nm), 4S3,,—%1;5/5 (550 nm),
and *Fg /2—>4115 /2 (650 nm). The effective color of the luminescence of the YF3-modified
fibers is determined using the chromaticity coordinates (CIE 1931) calculated based on
the recorded emission spectra and it is established as greenish (Figure 3c). This result is
consistent with the bright green emission of a knitted fabric (made of YF3-modified fibers)
excited by NIR irradiation observed with the naked eye (inset of the Figure 3c).
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Figure 3. (a) Scheme of the energy level diagram of Yb** and Er**, showing possible upconversion
processes in the YF3: Yb3*, Er®* system, (b) upconversion emission spectra of YF3-modified fibers,
and (c) the corresponding chromaticity diagram; the inset shows photographs of a knitted fabric
made of YF3-modified fibers in daylight (left) and under NIR (Aex = 975 nm) laser irradiation (right).

In order to investigate the thermometric properties of the obtained fibers, their up-
conversion emission spectra are measured as a function of temperature, in the range of
~300-360 K (Aex = 975 nm). Figure 4a clearly shows that as the temperature increases, the
intensity of the band located around 525 nm (Er**: 2H;1,,—*Ij5/5) increases and, at the
same time, the intensity of the band located around 550 nm (Er’*: 4S5 /2—>4115 /2) decreases
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significantly. This effect is due to the fact that these two transitions originate from the
thermally coupled levels (TCLs) of Er** (*Hyy,, and *S;,) with an energy difference of
AE =865 cm™! (derived from the spectrum). In other words, with increasing temperature,
the electrons from the lower-energy level (4S3,) are transferred to the higher energy level
(3Hy; /2), thus increasing the population of this level. Due to this, the intensity of the
band associated with the higher energy level (*Hy; ;) increases with temperature. Ther-
malization processes induced by the increase in the temperature cause a change in the
relative intensity of the 2Hy, /2 =45 /2 and 4g, /2 =45 /2 transitions, according to the

Boltzmann distribution: ; o
- .
LIR = 7 Bexp( kBT)’ 1)

where LIR is the luminescence intensity ratio; I, and I; refer to the integrated intensity of
higher-energy (525 nm) and lower-energy (550 nm) bands, respectively; AE is the energy
difference between the centroids of these two TCLs (the determined AE value from fitting
is 756 cm~!, which is similar to the value determined from the spectra); kp is the Boltzmann
constant; T is absolute temperature; and B is a coefficient depending on the degeneracy
of states, the rates of total spontaneous emission, the transition’s branching ratio with
respect to the ground state, and the transition’s angular frequency [23,43]. Please note that
to determine the band intensity ratio and AE values, the emission spectra are converted
to an energy scale (eV) via the Jacobian transformation [44,45]. However, for the readers’
convenience, all spectra in the manuscript are presented on the wavelength scale. As shown
in Figure 4b, with the increase in the temperature from 298 to 362 K, there is a yellow shift
in the emission color of the YF3-modified fibers (and thus the knitted fabric made of them).
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Figure 4. Spectroscopic properties of YF3-modified fibers (Aex=975 nm): (a) upconversion emission
spectra measured as a function of temperature; (b) CIE diagram showing the emission color of
YF3-modified fibers with increasing temperature values (left) and corresponding photographs of a
knitted fabric made of YF3-modified fibers NIR excitation (right); (¢) luminescence intensity ratios,
corresponding to (d) the relative sensitivities S, and (e) the temperature resolution AT.

The LIR values calculated using Equation (1) are correlated with temperature, showing
a perfect fit, R? > 0.99 (Figure 4c). However, to evaluate the performance of the obtained
fibers as an optical thermometer, it is necessary to calculate their relative temperature sensi-
tivity (S;). Please note that this parameter is independent of the nature of the thermometer
and the experimental setup and allows quantitative comparison of the performance of
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different optical thermometers. S, expresses the relative change in the ratio of the band
intensity per 1 K change in absolute temperature. S, is defined as:

1 dLIR
LIR dT '
Based on the fitted LIR values and Equation (2), the S, values of YFs-modified fibers
as a function of temperature are determined. S, values are strongly dependent on the
temperature and decrease with the temperature for the 525/550 nm band ratio from 1.23%
K1 (at 298 K) to 0.83% K~! (at 362 K). It should be emphasized that this is one of the
highest S, values (around 300 K) for the Er**: 525/550 nm band ratio [46].
Additionally, the temperature uncertainties (AT; temperature resolutions) are deter-
mined based on Equation (3),i.e.,

S, = 100% x @

1 8LIR

=5 IR

®)
where SLIR is the uncertainty in the determination of the luminescence intensity ratio. The
calculated resolution of the optical temperature determination for the Er®* 525/550 nm
band intensity ratio at 298 K is about 0.09 K and increases to 0.24 K at 362 K. The calculated
S, and AT as a function of temperature, together with the corresponding LIR values, are
presented in Figure 4c—e.

Furthermore, a thermal cycling of YF;-modified fibers is carried out (Figure 54) to
verify the applicability and reliability of the developed fiber-thermometer. The LIR values
change reversibly with temperature, confirming the thermal stability of the obtained fibers,
and proving that they retain their thermometric properties after multiple heating—cooling
cycles. Please note that we do not observe any changes in the signal intensities after the
performance of thermometric measurements and the performed cycling. Good thermal
stability of the prepared materials is ensured by the combination of YF; (stable up to
500 °C [47,48]) with regenerated cellulose fibers (stable up to 300 °C [49,50]), which are
stable much above the operating temperature range.

In order to demonstrate the potential use of modified fibers as a wearable temperature
sensor, a knitted fabric made of these fibers is used to determine the temperature of human
skin. The measurement is carried out on the inner side of the volunteer’s forearm wrapped
in the knitted fabric (Figure 5). Based on the obtained LIR value (LIR = 0.120), the forearm
skin temperature is measured to be 35.3 °C, which is consistent with the temperature
measured with a traditional thermometer. Please note that temperature of the forearm
skin is lower than the axillary (underarm) or oral temperature (~36.6 °C) [51]. It should be
emphasized that, in this case, the applied laser power density is significantly lower than
in the case of the YF3-modified fibers, which proves that it is possible to obtain reliable
results even with the use of such low laser power densities, which is a very important
factor in the case of real applications, e.g., biological or industrial processes, where the use
of high-power lasers is usual.

Table 2 compares various examples of cellulose-based temperature sensors in terms
of their performance with the optical sensor proposed in this work. The developed
YF;-modified cellulose fibers exhibit various advantages, such as higher relative sensi-
tivity and better temperature resolution. Moreover, the sensor presented in this research is
resistant to EMI, unlike resistive or capacitive-type sensors.
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Figure 5. Optical setup for temperature sensing based on a knitted fabric made of YF3-modified fibers.

Table 2. Comparison of the cellulose-based temperature sensors reported in the literature with the
YF;3-modified cellulose fibers shown in this work.

Material Type of Sensor Sensing Range [K] AT [K] 1% ’iz’_ll Su's:;pl\:})le Ref.
YE3-modified Ratiometric UC 298-362 0.09 (at 298 K) 1.23 (at 289 K) No This work
cellulose fibers
Cellulose’Phy Capacitive 288-323 n.d. n.d. Yes [4]
nanocomposite
EEDOTFSS-SWCNT, Resistive 297-308 nd. 023 Yes 151
coated jute fibers
WSZ_QDS/RGO. Resistive 77-398 0.01 (0.06 human trial) 0.56 (298-396 K) Yes [22]
coated cotton fabric
CEHUJOS.E/R.GO Capacitive 298-353 nd n.d Yes [52]
composite films
HPC-ethylene glycol Colorimetric 253-298 2 na. No [53]
CNE/ CN.T Resistive 303-353 n.d. 1.081 Yes [54]
nanohybrid

Abbreviations: CNF = cellulose nanofiber, CNT = carbon nanotube, HPC = hydroxypropyl cellulose,
PEDOT = poly(3,4-ethylenedioxythiophene), PPy = polypyrrole, PSS = polystyrene sulfonate, RGO = reduced
graphene oxide, SWCNT = single-walled carbon nanotubes, QDs = quantum dots.

4. Conclusions

In summary, we designed a flexible optical temperature sensor based on regener-
ated cellulose fibers, modified with upconversion NPs. The performed studies proved
its effectiveness in use and confirmed the validity of our research hypotheses. Namely,
incorporation of YF3: 20% Yb%*, 2% Er** upconversion NPs (optimal composition) into
cellulose fibers assured a thermally sensitive emission under NIR excitation, while cellulose
fibers served as a flexible carrier for upconversion NPs. The temperature measurement was
based on the determination of the ratio of the intensity of emission bands associated with
transitions from thermally coupled levels of Er®*, i.e., 2Hy; /2 —45 /2 and 45, /2 -4 /2-
Due to the fact that the presented temperature sensor is ratiometric, and therefore does not
rely on a direct change in the measured parameter, it is robust to environmental interfer-
ences. Other benefits of this upconversion temperature sensor are its outstanding relative
sensitivity and temperature resolution (S, = 1.232% K1 and AT = 0.09 K, both at 298 K),
which allow very precise temperature sensing in the range of 298-362 K. Importantly, this
sensor shows constant values of the parameters discussed in the paper during repeated
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measurements in the heating—cooling cycles, which indicates its high reliability and sta-
bility. Furthermore, as the principle of operation of the discussed sensor is based on the
measurement of emission spectra, and the sensor itself does not conduct electricity, it is
inherently immune to electromagnetic interferences. The developed thermometer might be
especially useful in the new generation of wearable devices for human health monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12111926/s1, Figure S1: Right side of the knitted fabric;
Figure S2: DLS analysis of YF5: 20% Yb%*, 2% Er** NPs; Figure S3: EDX spectra of YF3-modified
cellulose fibers; Table S1: Basic structural and physical parameters of a knitted fabric made of YF3-
modified cellulose fibers; Figure S4: Thermal cycling of YF3-modified fibers between 298 K and 362 K,
for the determined thermometric parameters, i.e., Er**: 525/550 nm band ratio, Aex = 975 nm.
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Figure S1 Right side of the knitted fabric
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YF,: 20% Yb*, 2% Er’*
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Figure 52 DLS analysis of YFa: 20 % Yb®, 2 % Er* NPs.
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Figure 83 EDX spectra of YFs-modified cellulose fibers.
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Table S1 Basic structural and physical parameters of a knitted fabric made of YFs-modified cellulose fibers.

Number of wales Ry lfabrlc Mas per unit area
— courses thickness [g/m?]
[course/cm] [mm]

Mean value 10.0 14.0 0.67 125.0
Standard 0.52 0.48 0.01 2.57
deviation

0.22
525/550 nm
362 K
0.20
0.18 4
o
= 0.16
0.14 4
0121 o ° 298 K
0.10 T T T T T
0 2 4 6 8 10
Cycles

Figure S4 Thermal cycling of YFs-modified fibers between 298 K and 362 K, for the determined thermometric

parameters, i.e. Er*: 525/550 nm band ratio, Aex = 975 nm.
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Wplyw efektu reabsorpcji na odczyt temperatury przy uzyciu
luminescencyjnych nanotermometrow

Problem badawczy jaki podjetam w pracy (P5) pt.: ,Influence of excitation and
detection geometry on optical temperature readouts — reabsorption effects in luminescence
thermometry” skupiat si¢ na zbadaniu wptyw grubosci probki oraz geometrii wzbudzenia, na

wiasciwosci spektroskopowe materiatu.

Przeprowadzono syntezy, w wyniku ktorych otrzymano nano- oraz mikroczastki oparte
0 matryce fluorku itru oraz nanoczastki ortowanadanu itru. Materialy te zostalty domieszkowane
jonami Yb3* i Er**. Syntezy przeprowadzono w $rodowisku wodnym, przy uzyciu metody
hydrotermalnej w warunkach zwiekszonej temperatury i cisnienia (453 K, 34 bar, 18 h), oraz
w przypadku wanadanu dodatkowej kalcynacji (673 K, 4 h) zsyntetyzowanego produktu. W
celu otrzymania nanomaterialtdow w trakcie syntezy zastosowano PEG 6000 - czynnik
zapobiegajacy aglomeracji czastek. Produkty syntez zostaly scharakteryzowane metoda
proszkowej rentgenografii strukturalnej (XRD) w celu potwierdzenia otrzymania czystych form
krystalograficznych. Wanadan itru wystgpowatl w formie tetragonalnej, krystalizujacej w grupie
przestrzennej 141/amd, natomiast oba materiaty oparte o fluorek itru krystalizowaty w formie
rombowej z grupy przestrzennej Pnma. Wykorzystujac transmisyjng oraz skaningowag
mikroskopi¢ elektronowg, oszacowano rozmiary otrzymanych materiatléw, a takze wyliczono

rozrzut wielkos$ci ich czastek (Rysunek la-c, Rysunek S1).

W celu okreslenia potencjalnego wpltywu geometrii wzbudzania-detekcji oraz grubosci
probki na ksztalt widma emisji upkonwersyjnej, wykonano pomiary probek YVO4:Yb**, Er¥*,
stosujgc rozne grubosci warstwy probki, w geometrii tylnej (back-illuminated geometry) oraz
geometrii przedniej (front-face geometry). Zaobserwowano, ze widmo emisyjne probki
cienkowarstwowej, zmierzone w geometrii transmisyjnej (tylnej), wykazywato zblizony ksztatt
do widma zarejestrowanego w geometrii przedniej. Natomiast w przypadku widma emisji
probki grubowarstwowej, zmierzonego w geometrii transmisyjnej, pasmo pochodzace od
jonow Er®* zlokalizowane w okolicach 525 nm wykazywato znacznie mniejsza intensywno$¢,
co jest wynikiem czgsciowej reabsorpcji emitowanego Swiatta w tym zakresie. Wykazano, ze
w przypadku wzbudzenia w geometrii tylnej, wplyw reabsorpcji na wiasciwosci
luminescencyjne materialu ro$nie wraz ze wzrostem grubosci warstwy probki. Zjawisko to
powoduje zmniejszenie intensywnosci pasm zlokalizowanych w regionie silnej absorpcji, w

szczegdlnosci w zakresie przejécia termicznego jonéow Er®* 2Hui, — “lisio. Efekt ten skutkuje
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zmiang wartosci parametrow spektroskopowych takich jak: stosunek pasm luminescencyjnych
(LIR), potozenia centroidéw pasma oraz przerwy energetycznej pomiedzy termicznie
sprzezonymi  poziomami. Dodatkowo, pomiary przeprowadzone w  warunkach
wysokotemperaturowych, wykazaty, ze efekt reabsorpcji prowadzi do pogorszenia parametrow
kluczowych dla termometréw luminescencyjnych. Probki charakteryzujgce si¢ grubsza
warstwg materialu optycznie czynnego wykazywaly pogorszong czuto$¢ wzgledng i
rozdzielczo§¢ temperaturowg. Ponadto, warto$ci parametru LIR i jego zmiana wraz z
temperaturg zalezg roéwniez od grubos$ci probki, co sygnalizuje potrzebe rekalibracji
termometrow luminescencyjnych, kazdorazowo przed ich pierwszym uzyciem w zmienionych

warunkach/systemie, lub w innym uktadzie laboratoryjnym/pomiarowym.

Przeprowadzone badania umozliwily zrozumienie zasady dzialania termometréw
pierwotnych, stusznej jedynie dla bardzo cienkiej warstwy probki, w ktorej obserwowany efekt
reabsorpcji jest marginalny, lub w przypadku optycznych pomiaréw/odczytow temperatury

wykonywanych w geometrii przedniej (front-face geometry).

Wktad wlasny w powstanie pracy: wykonanie syntez, zbadanie wtasciwosci fotofizycznych
otrzymanych materiatbw, wykonanie pomiardw spektroskopowych w  warunkach
atmosferycznych oraz w warunkach wzrastajgcej temperatury, analiza uzyskanych wynikéw,

opracowanie danych, przygotowanie grafik i manuskryptu.
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intensively developed. Sensors that allow the most precise, remote temperature r

ers enabling remote optical temperature measurements is

The technology of lanth

d £

can be y used in

biological, electronic, engineering and industrial processes. This work ly the oft imated effect of
excitation and detection geometry, as well as the sample thickness on the spectroscopic properties of the material and
performance of the resulting luminescent thermometers. In the case of a thick-layer samples, a significant change in the
luminescence intensity ratios was observed compared to a thin-layer counterparts. This resulted in varying values of
absolute and relative sensitivities for different sample thicknesses. The observed changes are assigned to a reabsorption

d

effect, which is particularly significant for the thick-layer samples in the trar (back-illuminated)

geometry. The results presented in this work have very important implications on the accuracy of optical temperature
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Introduction

Optical materials containing lanthanide (Ln) ions are widely
studied due to their promising potential for applications in
many fields of science and industry.%2113-10 This is because
these materials are capable of generating luminescence,®!? i.e.
emission of light resulting from the excitation of electrons of a

the UV to NIR range, their ladder-like electronic structure, long
radiative decay times (us — ms), etc. In materials containing Ln3*
ions, energy or charge transfer processes are often utilized to
significantly increase the luminescence brightness, which is very
important for materials engineering and their real applications,
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ry with Er3*,

both in industrial and scientific areas.247.11 Depending on
wavelength (energy) of the incident photons, excitation of Ln3*
ions can result either in classical luminescence (Stokes emission)
or up-conversion luminescence (UCL), i.e. anti-Stokes emission.
The UCL process involves the excitation of a sample with two or
more low energy NIR photons, resulting in the emission of a

€
; given material with radiation from the (UV), visible or near- higher-energy photon in the visible or UV range.13:14.17-21
§ infrared (NIR) spectral ranges and their subsequent radiative Optical materials doped with Ln3* ions are increasingly used
i_: relaxation to the ground states.12-16 The common and extensive  in luminescence thermometry.1,19,30-32,22-29 Accurate
§- utilization of Ln-doped materials is associated with unique temperature monitoring in isolated and dynamic systems often
optical properties of Ln ions, especially narrow require a remote detection principle. Inaccessible systems
E absorption/emission lines, abundance of emission lines from (such as the interior of biological tissue, or closed systems under

pressure) can be explored by optical thermometry using diverse
temperature-dependent (thermometric) properties of Ln3* ions
and remote detection of light emission.1539-42,13,3033-38 Ap
increasing number of the research on thermometry is related to
the development and analysis of primary
thermometers.242528303843,44  primary thermometers are
characterized by a well-established equation of state that
directly relates a given measurement value to absolute
temperature without the need for calibration. Such
thermometers should in principle allow temperature
measurements without a time-consuming calibration of the
system in different laboratories in a reliable and reproducible
way.25:31,32.38,45 Thejr operation principle allows to predict the
temperature of the system based on the knowledge of the
spectroscopic properties of the tested material and the
magnitude of the energy gap between the thermally-coupled

(thermalized) levels (TCLs) of Ln ions.%2428303846-48
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Thermometric systems that must be referred to a well-known
temperature in order to calibrate them are classified as
secondary thermometers.22.:30 Theoretically, primary
luminescence thermometers can displace the limitation of
secondary thermometers because the intrinsic calibration
parameter is dependent on known quantities and can be
derived from other measurements not explicitly requiring
calibration.6:3044

Here we show that utilizing the back-illuminated, i.e.
transmission geometry, the principle of primary thermometers
is valid only for a very thin sample layer, in which the
reabsorption effect is marginal. To investigate the mentioned
effects, we have used well-established inorganic materials
based on fluoride and vanadate matrices, doped with Yb3*/Er3*,
while Er3* is the most frequently used activator ion in
luminescence thermometry. The studies presented in this work
reveal the commonly underestimated effect of the excitation
and detection geometry and thickness of the material studied
on the spectroscopic properties of the material, which are
mainly caused by reabsorption effects. We investigated the
influence of the sample layer thickness on the luminescence
intensity ratio (LIR) resulting in significant differences in the
values of absolute and relative sensitivities of the developed
optical thermometers. The results presented in this work
emphasize a significant impact of the experimental setup and
reabsorption on the remote temperature readings and
performance of optical temperature sensors.

Experimental section

Materials

The oxides Ln,O3 (Ln =Y, Er, Yb; 99.99%; Stanford Materials)
were separately dissolved in HCI (35-38%; pure p.a.; POCh. S.A.)
to prepare the corresponding aqueous RECI; solutions. When
the solution became transparent, excess acid was evaporated.
The following reagents were purchased from Sigma Aldrich:
ammonium metavanadate (NH4VOs;, ACS reagent>99.0%),
ammonium fluoride (NH4F; > 98%; pure p.a.), and PEG 6000.
Sodium hydroxide (NaOH; 98.8%; pure p.a.) was purchased
from POCh. S.A. Deionized water was used for all experiments.

Synthesis

Synthesis of YVOy: Yb3*, Er3*

For the synthesis 0.5 g of YVO4: 20% Yb3*, x% Er3* (x = 0.1, 0.5,
2), aqueous solutions of YCls, YbCls;, and ErCl; were mixed in a
molar ratio 0.78 : 0.2 : x/100, i.e. 3.478 mL of 0.5 M YCl3, 0.892
mL of 0.5 M YbCl; and 0.089 mL of 0.5 M ErCls in the
representative case of x = 2. Subsequently, 10 mL of water and
0.5 g of PEG 6000 (anti-agglomeration agent) were added to the
as-prepared solution. A separate aqueous solution of 0.2607 g
of NH4VO3 in 20 mL of distilled water, which was combined with
an aqueous sodium hydroxide solution in a molar ratio of 1: 1
(0.0892 g NaOH in 15 mL of water). All solutions were heated
up to 343 K to obtain transparent solutions. The [VOs]-
containing solution was added dropwise to the continuously
stirred solution of Ln3*. After that, it was diluted with distilled
water (up to 40 mL volume) and the pH of the solution was

2| J. Name., 2012, 00, 1-3

adjusted to = 10 by addition of 1.5 M NaOH. The entire mixture
was then transferred into a Tefloilin@dO3Vessél0l&Hd
hydrothermally treated in an autoclave (18 h, 453 K). The
resulting white precipitate was then dispersed in ethanol and
water several times to purify the final product. The obtained
product YVO,4:Yb3*, Er3* was dried in an oven at 358 K for 15 h,
and subsequently, the sample was ground in an agate mortar.
Afterward, in order to improve the crystallinity and luminescent
properties of the material, part of the sample was calcined in an
oven for 4 h at 673 K. After calcination, the product was ground
in an agate mortar once again.

Synthesis of YF3: 20% Yb3*, 2% Er3*

For the synthesis of 0.5 g of nanocrystalline YF3: 20% Yb3*, 2%
Er3*, aqueous solutions of YCl;, YbCl;, and ErCl; were mixed
togetherin a molar ratio 0.78 : 0.2 : 0.02, i.e. 4.747 mLof 0.5 M
YCl3, 1.217 mL of 0.5 M YbCls and 0.121 mL of 0.5 M ErCls.
Subsequently, 19 mL of water, 25 mL of ethanol, and 0.5 g of
PEG 6000 (anti-agglomeration agent) were added to the
solution of Ln3* ions. A separate solution was prepared by
mixing 0.368 g of NH4F (100% molar excess) and 0.3 g of PEG
6000 in 25 mL of water and ethanol (12.5/12.5). These solutions
were heated to 343 K. The solution of Ln3* ions was added
dropwise to the continuously stirred and heated solution of
NH4F. After the addition, the solutions were stirred for 1 h at
343 K and dilute HCl was added to adjust the pH of the solution
to = 2.7. The entire mixture was then transferred into a Teflon-
lined vessel and hydrothermally treated in an autoclave (18 h,
453K). After hydrothermal treatment, the prepared white
precipitate was purified by centrifugation and repeatedly
washing with ethanol and water. The obtained product YF3:Yb3*,
Er3*was dried in an oven at 358 K for 15 h, and subsequently,
the sample was ground in an agate mortar. To synthesize 0.5 g
of microcrystalline YF3: 20% Yb3*, 2% Er3+, the entire procedure
described above was repeated, excluding addition of PEG 6000
to the respective reaction mixtures.

Characterization

Powder X-ray diffraction pattern (XRD) was measured using a
Bruker AXS D8 Advance diffractometer in Bragg-Brentano
geometry, with Cu K, radiation (A = 0.15406 nm). Transmission
electron microscopy (TEM) image was taken with a Hitachi
HT7700 transmission electron microscope (100 kV accelerating
voltage, source of electron beam - LaBg filament). Emission
spectra were measured with an Andor Shamrock 500i
spectrograph coupled with a silicon iDus CCD camera as a
detector. The sample was excited using a fiber-coupled, solid-
state diode pumped (SSDP) laser FC-975-2W (CNI). The laser
power used was adjusted to 300 mW (size of the beam spot
radius 1 mm), which corresponds to a power density of =9.55
W/cm2. To adjust thickness of the sample layer for the
luminescence measurements, the samples were place between
two quartz plates, and uniformly distributed over the whole
quartz surface, by gently pressing both plates in a metal holder,
i.e. by tightening the threaded holder, and measuring the final
thickness of the quartz plates with sample layer between with a
high-precision micrometer screw (with accuracy of +1 um).

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Structure and morphology

The recorded powder X-ray diffraction (PXRD) patterns of the
synthesized micro- and nano-sized YF3:20% Yb3*, 2% Er3+
compounds (Figure 1a) and the nano-sized YVO04:20% Yb3*, 2%
Er3*(Figure 1c) agree with the reference patterns from the ICDD
database (international centre for diffraction data) for
orthorhombic YF; crystallizing in the Pnma (no. 62) space group
(card no. 96-412-4706) and the tetragonal xenotime-type YVOa,
crystallizing in the /4,/amd (no. 141) space group (card no. 96-
900-9765). Significant broadening of the Bragg reflections is
associated with the nanocrystallinity of the obtained particles.
Figure 1b and 1d shows a graphical representation of the
arrangement of atoms in the synthesized crystal structures. The
Y3+ jons in the crystal lattice were partly substituted either by
Yb3* and Er3* ions, respectively. The transmission electron
microscopy (TEM) images (Figure 1 e-g) show that the obtained
materials are composed of irregularly agglomerated particles.
The hydrothermally prepared YVO4:Yb3*, Er3* nanocrystals have
average particle size of about (21 + 4) nm, while the
hydrothermally prepared YFs: Yb3*, Er3* nanomaterial is
composed of nanoparticles (NPs) of about (92 + 18) nm. On the
other hand, the microcrystalline YF3: Yb3*, Er3* compound is
made up of much larger crystals with a diameter of (5 £ 1) um,
as depicted Figure S1 a-c presented in the Supplementary
Information (SI). These particular samples were chosen based
on their spectroscopic properties (intense UCL) associated with
their relatively low cutoff phonon energies, but most
importantly due to their significant difference in size and cutoff
phonon energies of the crystal lattices. The cutoff phonon
energy of YF3 is about 350 cm1, while that of YVO, is about 880
cm-according to vibrational spectra (Figure S2). In such a way,
we could investigate the potential effects of both factors on the
reabsorption phenomena in the systems studied. Moreover,
fluoride and vanadate materials co-doped with Yb3* and Er3*
ions are frequently used as optical sensors, in which the related
absorption and emission effects play a vital role.
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Figure 1. Powder XRD patterns of the (a) YF3: 20% Yb3*, 2 %
Er3*and(c) YVO4: 20% Yb3*, 2% Er3* and (b, d) corresponding
graphical representation of the arrangement of atoms in the
crystal lattice, TEM/SEM images of (e) nanocrystalline YFs:
Yb3*, Er3*, (f) microcrystalline YFs: Yb3*, Er®*, and (g)
nanocrystalline YVO4: Yb3*, Er3+,

This journal is © The Royal Society of Chemistry 20xx
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All synthesized samples exhibit intense green UCL clearly visible
to the naked eye. Their emission spectra reveal narrow bands
characteristic of Er3* emission, namely the 2Hi1/2 = %152 (525
nm), %Sz, > 4his;z (550 nm) and “4Fg;; > 415, (660 nm)
transitions, associated with 4f11-4f11 radiative transitions of Er3*
(see Figures 2-4).

In order to simply check the potential effect of excitation-
detection geometry and sample thickness on the shape of the
UCL spectra, we have measured the same representative
sample (YVO4:Yb3*, Er3*) with different thicknesses in back-
illuminated (transmission) and front-face geometry, as depicted
in Figure 2. It is clear, that the emission spectrum of the thin-
layer sample measured in the transmission geometry has a
similar shape to the spectrum recorded in front-face geometry.
Whereas, in the case of UCL spectrum of the thick-layer sample
measured in the transmission geometry, the 2Hi1, — %l1s/2-
based emission band of Er3* located around 525 nm has much
lower intensity, most plausibly due to partial reabsorption of
the emitted light in this range. Additionally, we measured the
UCL intensities vs. laser power and plotted them in a log-log
representation and confirmed the square dependence of the
non-linear UCL process (see Figure S3) on the incident laser
power density.
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Figure 2. (a, ¢, e) Schematic representation of the
experimental setup, i.e. optical geometry for the UCL
measurements and (b, d, f) the corresponding UC emission
spectra for the YVO4:Yb3*, Er3* sample. (a-d) back-illuminated
excitation geometry for the 88 um thick sample (a, b), and for
the 282 um thick sample (c, d); (e-f) front-face excitation
geometry for the 282 pum thick sample.

In order to confirm the previously mentioned hypothesis
and investigate in detail the anticipated reabsorption effects,
we have measured the UC emission spectra for the synthesized
micron- and nano-sized fluoride and vanadate materials (Figure
3; bottom; Aex = 975 nm), and compared them with absorption
characteristics of these compounds (Figure 3; top). The upper
part of Figure 3 shows the absorption spectra of the
corresponding samples, presented in the 500-600 nm range
(absorption spectra in the broader range, i.e. 200-1800 nm are
shown in Figure S4). It can be seen that the absorption bands
generally overlap with the emission bands, although a slight
Stokes shift can be observed. It has already been elucidated by
Hellwege and later by Ellens et al.#°-51 that the electron-phonon
coupling of 4fN levels (N = 1..13) is stronger for trivalent
lanthanides close to an empty 4/° (Ce3*, Pr3*, Nd3*) or fully filled
4f14 (Er3* Tm3+, Yb3+) subshell, while those close to the half-filled
4f7 subshell (Eu3*, Gd3*, Tb3*) show the narrowest 4f"-4f"
transitions among all lanthanide ions. Consequently, one would
expect the largest emission bandwidths and Stokes shifts, and
hence, re-absorption effects for the previously mentioned
lanthanide ions including Er3*. It can be observed that for both
materials (fluorides and vanadates) radiation in the 515-530 nm
range is particularly strongly absorbed. In addition, in the case
of fluorides, substantial absorption of radiation also occurs in
the 645-660 nm range.

We were interested in the effect of sample thickness on the
luminescence properties of the material, particularly how these
factors affect the TCLs of Er3* (2H13/2 and 4S3/,), which are related
to the emission bands centered around 525 and 550 nm. For
this purpose, the UC emission spectra of the samples with
different layer thicknesses were measured in the back-
illuminated geometry, and shown in the mentioned spectral
range of interest, i.e. from 500 to 600 nm in Figure 3. The
spectral position of the emission band at 525 nm (2H11/2 = %l1s/2
transition) strongly overlaps with the respective absorption
band with high oscillator strength (%l1s/2 = 2H11/2 transition). This
expectedly leads to re-absorption effects, dependent on the
thickness of the sample layer. When the sample layer is very
thin, the light reabsorption phenomenon occurs to a negligible
extent, so the intensity of the 2H11/2 = “l1s/2 band is higher than
for a thick-layer sample. In the case of a thicker sample layer,
the phenomenon of selective reabsorption is more pronounced
and results in a lowering of the respective band intensity. This
is particularly noticeable for the vanadate material, which
exhibits relatively strong absorption around 525 nm compared
to the fluoride samples. In general, stronger absorption effects
may be associated with enhanced defect-state absorption in the
case of smaller NPs, typically containing more crystal defects.

4| J. Name., 2012, 00, 1-3

With the increase of the thickness of the sample layer,.a.mare
than 2-fold decrease in the intensity of theB25 ApABant-6F &+
(located in the strongly absorbed region) was observed. At the
same time, the band located around 550 nm (%S32 = “lis)
transition), where absorption of Er3* is almost negligible, hardly
changed its intensity. Non-normalized UC emission spectra
recorded in the broader range, i.e. from 500 to 700 nm (see
Figure S5) confirm the observed trend for the #Fg/, = 4l15/, band.

(a) Nanosized YFyYb* Er*  (b) Micronsized YF,:Yb™, Er*
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Figure 3. Normalized UC emission spectra of (a) the nano-
sized YVOg: Yb3+, Er3+, (b) micron-sized YF3: Yb3*, Er3*, and (c)
nano-sized YF3: Yb3*, Er3*, recorded for different sample
thicknesses; (Aex= 975 nm, bottom) combined with
absorption spectra (top) of the obtained products.

Due to the fact that modern optical thermometers are often
based on changes in the relative intensities of the TCLs 2H11/2
and 4S3;; of Er3*, and because of these changes were most
pronounced for the YVO4 nanomaterial (comparing UCL spectra
of the thin- and thick-layer samples), we decided to select this
compound for further, more detailed studies. At first, to
examine effect of Er3* concentration on the shape and intensity
of UCL spectra, three materials with varying Er3* content (0.1,
0.5 and 2 mol%) were synthesized. As presented in Figure 43, b,
with increasing amount of Er3*, the relative intensities (with
respect to the emission at 550 nm, 4S3/> — %l15/2) of the emission
peaks at 525 nm (2H11/z —> 4l35/2) and 660 nm (%Fg/2 —> 4l1s5/2)
significantly decreased. Importantly, the intensity of the 2H11.,
—> 415/2-based emission at 525 nm decreased much more for
the thick-layer sample (Figure 4b), confirming the discussed
reabsorption phenomenon, resulting in a decrease in the
intensity of the 2H11/2 = “l1s/2 band with respect to the intensity
of the 4S3/; - 4l1s/,-related emission band. It should be noted
that a significant decrease of the relative intensity of the red
emission at 660 nm may also be related to cross-relaxation
processes, which are typically enhanced in highly doped
materials.52-54 Non-normalized emission spectra with increasing
doping amount of Er3* are included in the Sl data (Figure S6).

In the next step, the UC emission spectra of the nano-sized
YVOa: 20% Yb3*, 2% Er3* samples were recorded in the range of
500 nm - 725 nm in back-illuminated excitation geometry for 8
samples with different thicknesses of the material layer (ranging
from 88 to 484 um; Figure 4c). It was done in order to analyze
spectroscopic parameters such as luminescence intensity ratio
(LIR), position of the band centroids and size of the energy gap
between the TCLs (Figure 4d-f). It is observable that with
increasing sample thickness the intensity of the 525 nm band
gradually decreases compared to the 550 nm band. The
emission at 660 nm also decreases to a smaller extent
compared to the one at 525 nm. Subsequently, the LIR for the

This journal is © The Royal Society of Chemistry 20xx
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TCLs of the Er3* ions (2Hi1/2 = *l1sj2 / %S3j2 = %lisp), i.e. the
intensity ratio of the integrated 525/550 nm emission bands
was determined and plotted as a function of the sample
thickness in Figure 4d. With increasing thickness of the sample,
the LIR values gradually decrease, which can be assigned to a
higher reabsorption of light emitted from the excited 2Hiy/2
state in the thicker materials.

Due to the decrease in the intensity of the 525 nm band
(2H11/2 = 4l15/2) with increasing thickness of the sample layer, its
centroid shifts into higher wavelengths, while the centroid of
the non-absorbed 550 nm band (%Ss/2 = %l15/2) remains constant,
as shown in Figure 4e. As a consequence, the energy gap value
between the TCLs, derived from the spectra, decreases by
around = 115 cm? (from = 831 cm! to 708 cm?) with increasing
thickness of the sample layer, as presented din Figure 4f.
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Figure 4. (a, b) Emission spectra of nanocrystalline YVOa:
Yb3*, Er3* recorded for different concentrations of Er3*
(0.1%, 0.5% and 2%) and for different sample thicknesses:
(a) 88 um and (b) 266 um (c) emission spectra recorded for
different layer thicknesses and corresponding (d)
luminescence intensity ratios, (e) centroid associated with
its 4f12-4f12-related 4S;, = “hsp and 2Hiuy > 4lisp
transitions, and (f) energy gap of the TCLs; Aex= 975 nm.

An alternative explanation for the observation of a
decreasing LIR with increasing sample thickness could be
ineffective heat transfer along the sample, which may result in
changes of the thermalization between the 2H11/; and 4S3/; levels
of Er3*, respectively. It should be noted that prior to any
luminescence measurements, the laser power was set
sufficiently low to avoid an uncontrolled increase in the local
temperature of the samples, which could be potentially caused
by the light-to-heat conversion effect. This could be especially
relevant for thin sample layers, which in general are more
susceptible to optical heating with the laser beam. Such laser-
induced sample heating effect manifests in a form of
thermalization of states of Er3* TCLs, leading to the increasing of
LIR values as a function of laser power, measured at ambient
conditions. In order to exclude this possibility, the UC emission
spectra of the obtained compounds were measured at different
incident excitation power densities and the impact on the
corresponding LIR values for the TCLs of the Er3* ions (2Hi1/2 >
41572/ *S372=> %l15/2) was investigated (see Figure S7). It is evident

This journal is © The Royal Society of Chemistry 20xx
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that for both samples (vanadate with diffegent, sample
thicknesses) the LIR values of the ErPOTAL1BEHASTFeMETH
constant up to = 11 W/cm? revealing that the laser-induced
heating effect is negligible in the low-power density range used
during the measurements and starts to be detectable around =
15 W/cm2.

Changes in the values of the previously mentioned
spectroscopic parameters induced by the reabsorption
phenomena can be relevant in the development of optical,
remote nanothermometers. In order to check how the
thickness of the sample layer affects the thermometric
properties and performance of luminescence thermometers,
the UC emission spectra of the thin- and thick-layer vanadate
nanomaterial were measured as a function of temperature, in
the range of 298-573 K (Figure 5a, e; Aex = 975 nm) in
transmission geometry. In both cases the intensity of the 4S;/,
- “l15/2-based emission decreases in favor of the intensity of the
2H11/2 = 4l15/2-based emission with increasing temperature. The
thermal equilibrium between those two excited levels of Er3*
follows Boltzmann’s law:

I AE;

LlREf=Bexp(—FzT’) M

where LIR is the luminescence intensity ratio of the intensities
I, stemming from the 2H11/> = %l1s/2 and /1 arising from the %Sz,
-> 4l1s/2 transition. AEz; is the energy separation between the
barycenters of the two emission bands, kg is the Boltzmann
constant, T is the absolute temperature, and B is a constant,
which depends on the spontaneous emission rates and the
degeneracies (2J + 1) of the emitting spin-orbit levels.® The
resulting energy difference between these TCLs determined
from the fitting to the Boltzmann distribution function (Eq. 1) is
approximately 729 cm-! for the thin-layer and 502 cm! for the
thick-layer sample (Figure 5b, f). A significantly lower value of
the fitted energy gap according to eq. (1) for the thick-layer
samples compared to the spectrally determined one implies a
systematic bias in the final temperature measurement. This
does not readily have an impact on relative sensitivity and
minimum expected temperature uncertainty but in fact, the
overall accuracy of such a luminescent thermometer. Another
consequence of re-absorption is the artificial elongation of the
radiative decay time of the 2H;;,, level, so lower spontaneous
emission rate of this excited state. This will lead to a lowered
exponential pre-factor B according to eq. (1) and thus,
significantly lower the overall LIR (see Figure 5e) and imply an
(artificially) lowered temperature. Other reasons for a
systematic temperature read-out bias due to e.g., very high
incident laser powers or photonically induced deviations have
been also raised for the Er3* ion before.55¢ It can be concluded
that thin-layer nanocrystalline samples are favorable for
accurate temperature measurements by means of
luminescence thermometry. In addition, it affects the final
performance of the given Iluminescent thermometer,
deteriorating it in the case of the one based on a thick-layer
material, as will be discussed in the next paragraph. Figure 5b, f
shows evolution of the LIR parameters plotted in linear scales,
and Figure S8 presents the In(LIR /(2H11/2 = “l1sp2) / 1(*S32 >
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4l15/2)) vs. 1/T plots. The evolution of the LIR parameter, plotted
in a logarithmic scale, follows a linear evolution (in agreement
with Boltzmann theory). All points fit the trend, no outliers were
observed, demonstrating that the temperature can be
accurately measured using the LIR of bands located around 525
and 550 nm, at least in the temperature range of 298-573 K.

In order to investigate the performance of any
nanothermometer, parameters such as absolute sensitivity and
relative sensitivities should be determined.? The absolute
sensitivity (S;) was calculated based on the Eq. 2. This parameter
is usually expressed in K1.45

2)

|dL1R

Whereas, the relative temperature sensitivity, S, allows to
quantitatively compare thermometers with different operating
principles (developed using different measuring setups). This
parameter reflects by what amount the analyzed thermometric
parameter (LIR) changes per 1 K (typically expressed in % K1),45
and it is defined according to the Eq. 3.

5=100% x — | % LR @3)

Importantly, the thin-layer sample (thickness of 88 um) has
maximum S, value of 1.2 %K at 298 K and S, of 0.73 %K! (Figure
5c), while the thick-layer sample (thickness of 266 um) has
much lower maximum S; value, reaching only =0.85 %K1 at 298
K and S, of 0.12 %K (Figure 5f). However, please note that the
Sr parameter is a statistical error measure (it is not a systematic
error), and reabsorption gives rise to a systematic error that
needs to be taken into account to get the actually correct
temperature.

Due to the strong temperature dependence of the
determined thermometric parameters and derived quantities,
ie. LIR and S,, there is a necessity of recalibration of the
developed thermometers, always when they are used in
different conditions and/or in a different form. Moreover, it is
clear that depending on the measuring conditions, the increase
in the sample thickness may deteriorate performance of
luminescent thermometers.

thin-loyer
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Figure 5. (a, d) UC emission spectra of the thin-I ne
thick-layer (d) sample of YVO4:E r3“ bJSQ 1??:15:;}3&%6[3
measured at increasing temperature values (Aex = 975 nm);
(b, e) the determined LIR values (525/550 nm) and (c, f) the
corresponding S; and S, values as a function of temperature,
obtained for the thin-layer (b, c¢) and thick-layer (e, f)
samples, respectively.

Conclusions

In this work, the influence of the sample layer thickness and
excitation geometry on the luminescence properties of the
material was investigated. Using exemplary fluoride and
vanadate materials activated with Er3* ions, it has been shown
thatin the case of the back-illuminated excitation geometry, the
effect of reabsorption on the luminescence properties of the
material is more pronounced with the increase in the thickness
of the sample layer. This phenomenon causes an artificial
lowering of the LIR (by a factor of almost 5) and thus, a severe
systematic bias in temperature measurements with the
thermally coupled excited 2Hii, and 4Ssj levels of Er3*. A
conclusion from this work is that the operating principle of
primary thermometers is only valid and accurate for sufficiently
thin sample layers, in which observed reabsorption effects are
marginal, or in the «case of optical temperature
measurements/readouts performed in a front-face detection
geometry. Moreover, the results presented emphasize a
significant impact of the experimental setup and reabsorption
on the remote temperature readings and performance of
optical temperature sensors, having severe implications for the
community working in the area of luminescence thermometry.
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In order to determine the number of photons participating in the transitions associated with the
observed UC emission bands we have used the well- known relation Iyc & (Ipump)® . In this
relation [yc is the UC emission intensity, /,,,, is the pump laser power density and » is the
number of photons involved in the UC mechanism. Performing a simple linear fitting, n can be
calculated from the slopes of the plotted UC emission intensity as a function of the pump power,

both in the logarithmic representations.
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Figure S3. Double logarithmic plot of the incident laser power density vs. the luminescence

intensity for YVO,: 20% Yb3*, 2% Er?*.
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Figure S4. Absorption spectra of (a) nanocrystalline YVO,: Yb**, Er**, (b) microcrystalline

YF;: Yb*, Er?*, and (c) nanocrystalline YF;: Yb**, Er**.
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(a) Nano-sized YF,:Yb*, Er'*
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Figure S5. Non-normalized UC emission spectra of (a) the nano-sized YVO,: Yb*', Er**, (b)

micron-sized YF3: Yb3*, Er**, and (¢) nano-sized YF3: Yb**, Er3, recorded for different sample

thicknesses; (L= 975 nm, bottom) combined with absorption spectra (top) of the obtained

products.

(a)

—_—
L=

4 -
— 0.1% Er* 1.2x10
——0.5% Er**
2% Er** 3
P 79.0x10°
5 1.5x10%+ thin layer 88 pm 3
< ©
= >
> = 3 |
= 1.0x10%+ @ 6.0x10
] g
€ £ 3
= 5.0x10° 3.0x10°
0.0 : T . 0.0
500 550 600 650 700 500

~——0.1% Er*
——0.5% Er*
2% Er**

thick layer 266 um

Wavelength (nm)

550 600 650
Wavelength (nm)

700

Figure S6. Non-normalized UC emission spectra of nanocrystalline YVO,: Yb*, Er*,

recorded for different concentrations of Er** (0.1%, 0.5% and 2%) and for different sample
p

thicknesses: (a) 88 um and (b) 266 pm; A= 975 nm.
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Figure S7. Determined LIR values for Er¥* TCLs (?H;1, — “Iys2/#S3 — *I1512) as a function

of laser power density for (a) the thin layer sample 88 um and (b) thick layer sample 266 um.
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Podsmowanie

W niniejszej pracy doktorskiej przedstawiono wyniki badan nad nieorganicznymi,
luminescencyjnymi nanomateriatami domieszkowanymi jonami lantanowcow oraz analizg ich
wlasciwos$ci spektroskopowych w warunkach wzrastajacej temperatury. Otrzymano cztery
nowe, optyczne, bezkontaktowe nanotermometry, a takze zbadano efekt reabsorpcji oraz

wplyw mocy uzytego lasera na skuteczno$¢ i doktadnos$¢ opracowanych sensorow.

W trakcie prowadzonych badan zsyntetyzowano liczne nanoczastki luminescencyjne
oparte 0 matryce fluorkowe oraz wanadanowe. Materiaty zostaly domieszkowane jonami
lantanowcow 1 po naswietleniu promieniowaniem z zakresu bliskiej podczerwieni, wykazywaty

wielobarwng luminescencje.

Pierwszy etap prac badawczych dotyczyt generowania jasnej, zielonej upkonwersyjnej
luminescencji, przy uzyciu nanomateriatbw opartych o matryc¢ wanadanu itru
domieszkowanego jonami Er®* lub Yb3*-Er**, przy uzyciu dwoch dhugoéci wzbudzenia
laserowego: 785 nm oraz 975 nm. Przeprowadzono szczegdtows analize wptywu dlugosci fali
wzbudzajacej oraz sktadu pierwiastkowego na intensywno$é emisji upkonwersyjnej jonu Er®*

w tej matrycy..

Kolejnym etapem badan bylo otrzymanie optycznego sensora temperatury uzytecznego
w badaniach biologicznych, opartego o fluorek itru domieszkowany jonami Yb%* i Tm®".
Zbadano wplyw wzrastajgcej temperatury, W zakresie 300-345 K, na wlasciwosci
luminescencyjne tego sensora. Przeprowadzono analiz¢ ratiometryczng, oraz obliczono
wzgledne czutosci temperaturowe i rozdzielczo$ci temperaturowe, uzyskujac najlepsza czutosé
wzgledna wynoszaca 1,58 % K™ (przy 313 K) dla LIR 940/452 nm. Ustalono, Ze uzycie, w
celach detekcji temperatury, luminescencyjnego stosunku pasm emisyjnych 940/800 nm,
znajdujacych si¢ w zakresie pierwszego okna biologicznego, skutkuje zadowalajacg czutoscia
temperaturowa 1 zapewnia wysoka rozdzielczo$¢ detekcji temperatury. Dzieki temu
opracowany optyczny sensor temperatury moze by¢ potencjalnie wykorzystany w badaniach

biologicznych.

Kolejno, zbadano wpltywu mocy lasera na wydajno$§¢ nanotermometrow
luminescencyjnych. Zsyntetyzowano wanadan itru domieszkowany jonami Yb%* oraz Er®*.

Badania wptywu wysokiej temperatury na wlasciwosci spektroskopowe, przeprowadzono w
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zakresie 293-453 K, stosujgc rozne warto$ci mocy lasera (100, 200 i 300 mW). Ustalono, ze do
ratiometrycznego pomiaru temperatury, przy zastosowaniu pasm pochodzacych od pozioméw
nietermalizowanych, uzyta moc promieniowania laserowego ma istotny wplyw na warto$ci
parametrow termometrycznych. Wraz ze wzrostem mocy promieniowania wzbudzajacego
zaobserwowano zmiany takie jak: obnizenie warto$ci rozdzielczosci temperaturowej oraz
wzrost warto$ci czuto$ci wzglednej. Wyniki te pozwolily ustalié, ze w przypadku termometrow
luminescencyjnych wykazujacych zjawiska nieliniowe oraz wykorzystujacych stosunek pasm
luminescencyjnych pochodzacych od przejs¢ o roznej liczbie fotonow, zmiana mocy lasera

wplywa znaczaco na wydajnos$¢ czujnika.

W ramach rozprawy doktorskiej, otrzymano réwniez optyczny czujnik temperatury
oparty o wiokna celulozowe, modyfikowane nanoczastkami YFs: Yb%*, Er** wykazujacymi
zjawisko upkonwersji. Pomiar temperatury polegatl na wyznaczeniu stosunku intensywnosci
pasm emisyjnych zwigzanych z przej$ciami termicznie sprzezonymi jonéw Er®*, znajdujacymi
si¢ w zakresie Swiatta widzialnego. Zasada dziatania otrzymanego czujnika oparta jest 0 pomiar
widm emisyjnych, a poniewaz sam czujnik nie przewodzit pradu, dlatego jest on z natury

odporny na zakldcenia elektromagnetyczne.

Ostatnia z serii prac badawczych, wilaczona w zakres tej dysertacji doktorskiej,
dotyczyta zbadania wptywu zastosowanej geometrii wzbudzenia oraz detekcji na wlasciwosci
spektroskopowe materiatu. Wykazano, ze w przypadku wzbudzenia materialu w geometrii
tylnej, wraz ze wzrostem grubosci warstwy probki, wplyw zjawiska reabsorpcji
promieniowania na wlasciwosci luminescencyjne materialu byt coraz wigkszy, czego efektem
bylo zmniejszenie intensywnos$ci pasm znajdujacych si¢ w rejonie Swiatla silnie
absorbowanego. Wykazano roéwniez zalezno$¢ reabsorpcji od zmiany wielkosci przerwy
energetycznej, przesunigcia polozenia centroidu pasm oraz zmiana warto$ci stosunkow
intensywnos$ci pasm. Zmiany te przetozyty si¢ na pogorszenie parametrow termometrycznych,
takich jak czuto$¢ wzgledna oraz rozdzielczos¢ temperaturowa. Probki charakteryzujace sie
grubsza warstwa wykazywaly pogorszong czulo$¢ wzgledna oraz rozdzielczo$¢

temperaturowa.

Wiasciwosci fizykochemiczne otrzymywanych nanomateriatow byty badane z uzyciem
metod spektrofluorymetrii, XRD oraz mikroskopii elektronowej (TEM, SEM). Wyniki
przeprowadzonych badan przedstawiono w formie pigciu, spojnych tematycznie artykutow,

opublikowanych w miedzynarodowych czasopismach naukowych z listy filadelfijskie;.
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Otrzymane nanomaterialy mogg by¢ potencjalnie zastosowane w badaniach
biologicznych, elektronicznych, inzynieryjnych, a takze w procesach przemystowych, jako
optyczne nanotermometry. Ponadto, wyniki badan moga dostarczy¢ waznych informacji

podczas wytwarzania nowoczesnej optoelektroniki oraz nowych zrodet swiatta.
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